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In line with the inherent technological advances, the need to quickly obtain 
functional parts, suitable for the evaluation of final parts, as well as the production of 
prototype parts becomes crucial in the present, hence making the branch of additive 
manufacturing of extreme importance. 
Thus, this dissertation focusses the study and development of a functional 
material directed to the production of interaction parts, by using additive manufacturing 
technologies, specifically material extrusion. The topic of study, an interaction product, 
emerges from the need to improve products interaction with users. In this context, 
colour change is an approach that can provide useful information to the user. Currently, 
products which are informative to the user are in constant growth, from temperature 
indicators for food safety to baby spoon burns prevention, or even security labels used 
in safety protocols. With this, it was developed a functional material that would retain 
particular information of the user’s hand. A posterior production was in a filament form 
made in order to produce prototypes to study the given feature in the material extrusion 
technique. 
The investigation results allowed to conclude that the produced filaments are 
suitable for the material extrusion additive manufacturing technique, and also present 
the thermochromic feature. Conclusively, it was possible to manufacture a responsive 
prototype to various temperatures, based on the developed functional material. This 
feature is rather useful and suitable for interaction products. 
 
KEYWORDS: Additive Manufacturing, Compounding, Extrusion, Functional Materials, 





Em consonância com os avanços tecnológicos inerentes, a necessidade de obter 
rapidamente peças funcionais, adequadas à avaliação das peças finais, bem como a 
produção de peças protótipo torna-se crucial no presente, tornando assim o ramo de 
fabrico aditivo de extrema importância. 
Assim, esta dissertação foca o estudo e desenvolvimento de um material 
funcional dirigido à produção de peças de interação, utilizando tecnologias de fabrico 
aditivo, especificamente extrusão de material. O tema de estudo, um produto de 
interação, emerge da necessidade de melhorar a interação dos produtos com os 
utilizadores. Neste contexto, a mudança de cor é uma abordagem que pode fornecer 
informações úteis para o utilizador. Atualmente, os produtos que são informativos para 
o utilizador estão em constante crescimento, desde indicadores de temperatura para 
segurança alimentar até à prevenção de queimaduras de colheres para bebé, ou mesmo 
rótulos de segurança utilizados em protocolos de segurança. Com isto, foi desenvolvido 
um material funcional que reteria informação particular da mão do utilizador. Uma 
produção posterior foi feita sob a forma de filamento para produzir protótipos de forma 
a estudar a característica adquirida através da técnica de extrusão de material. 
Posteriormente, foi definido um caso de estudo para o fabrico de uma peça para 
inferir como o material funciona com as flutuações de temperatura. 
Os resultados da investigação permitiram concluir que os filamentos produzidos 
são adequados para a técnica de fabrico aditivo para extrusão de material, e também 
apresentam a característica termocrómica. Concluindo, foi possível fabricar um 
protótipo reativo a várias temperaturas, com base no material funcional desenvolvido. 
Esta característica é bastante útil e sendo também adequada para produtos de 
interação. 
 
PALAVRAS-CHAVE: Fabrico Aditivo, Composição, Extrusão, Materiais Funcionais, Fused 
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This first chapter has intended to describe the introductory path for the 
development of this dissertation. Contextualization and motivation are the first topics 
to be exposed; a brief description of the laboratory is also present. Finally, the objectives 
for this project and the general dissertation structure are described. 
 
Contextualization and motivation for the development of this 
dissertation 
Over time, the computerization of the industry and the search for new and 
increasingly innovative technologies has become a constant reality in the science field. 
Since the beginning of times, materials have always been a present reality in the 
surrounding world. From prehistory to the present era, they are an essential resource 
for the survival of the human being. Their importance is so crucial, that periods are 
characterized by them, as for example the stone age. With the evolution of time, it was 
possible to divide materials into three great families: ceramics, polymers and metals. 
Polymers were the last material to employ as we understand today. The first example 
documented was in 1830 by Henri Braconnot, Christian Schonbein and others, described 
the development of semi-synthetic materials from cellulose [1]. Nevertheless, one of 
the most well-known discoveries in the polymer industry was the vulcanized rubber. 
Charles Goodyear and Thomas Hancock were the leading inventors in the transforming 
of the natural rubber into vulcanized rubber, for the use in product manufacturing [2]. 
Over time polymers and other materials needed to evolve in order to keep up the 
technological advances. Nowadays, materials need to have something more to add to 
the product besides the mechanical and aesthetic performance. Functional materials 
appear as a response to this need. These materials usually present responsive features 
which distinguishes them from common materials, the most used in the industry. The 
responsive behaviour to environmental stimuli, makes the utilization more appealing to 
the industry community, increasing the potential of a specific product [3]. 
In comparison with everyday materials, the use of functional materials is still 
quite recent. The first functional material emerged at the beginning of the 20th century, 
when the common processing technologies used were mainly conventional. However, 
 
 





new technologies, such as additive manufacturing techniques, are starting to rise as a 
valid alternative for the manufacturing of products aggregating the material features 
[4]. 
The manufacturing of products by means of additive manufacturing is increasing. 
In this process, the design freedom is more prominent, when compared to the 
conventional technologies. Besides, the fast-leading times allows the production of 
complex geometries, in short periods. Material extrusion technology, although it is not 
the oldest technology of additive manufacturing, is one of the most common and 
commercially used. As in every additive manufacturing process, a CAD file is transformed 
in a three-dimensional (3D) object. In this case, the material is initially is heated and then 
is deposited in a first layer. The overall fabrication of the product consists in the 
deposition of several layers, until the final geometry is achieved [5]. 
Accompanying the technological advances, additive manufacturing process is 
slowly becoming a new trend in the product manufacturing, since it allows a higher 
design freedom and faster leading times. Aggregating the benefits of this technology 
with functional materials is what this dissertation is based. Products with increased 
capabilities and more interaction with the user-environment are the future of the 
technology, by enabling new applications and improving the previous ones. 
 
Introduction to DONE Lab 
DONE Lab – Advanced Manufacturing of Product and Tools, is a laboratory 
created at the University of Minho in 2016. The laboratory emerged from a partnership 
between University of Minho and Bosch Car Multimedia Portugal aiming the research & 
innovation in the field of additive manufacturing, in order to give support to companies 
to enhance the innovation and time production of products [6]. 
 
Figure 1.1 – DONE Lab logo. 
 
 






With the development of this dissertation, the main objectives to be answered 
at its conclusion are: 
• Material characterization of the polymeric matrix and masterbatch by thermal, 
physical and microstructural tests; 
• Definition of a material compounding methodology to produce functional 
materials; 
• Production of filament with the raw polymer matrix and production of filaments 
of materials with added functionality, based in the previously defined 
compounding procedures; 
• Material characterization of the filaments produced by thermal; physical, 
microstructural, tensile and stimulation tests; 
• Comparison analysis between of the properties of the composite materials and 
the original polymeric matrix; 
• Definition of a case-study, for production based in extrusion-based additive 
manufacturing; 
• Analysis of the influence of additive manufacturing process parameterization in 
the quality of the produced parts; 
• Test and evaluate the performance of the case-study parts, based in the 
developed functional materials, with different temperature stimuli. 
 
Organization of the dissertation 
This dissertation is divided into five chapters. This approach was taken into 
account by considering the work necessary to proceed to a clear and understandable 
project. Chapter 1 presents the initial part of the project, a general introduction, a brief 
contextualization of the project, and a description of the objectives. Then, Chapter 2 
contains the state of the art concerning the developed work. A theoretical background 
regarding functional materials and all the processes necessary for the completion of the 
project are described. Chapter 3 describes the experimental component. Component in 
which is described material selection, respective compounding, as well as the 
characterization tests performed. Filament production is also presented along with the 










and testing. In this chapter, the process parametrization influence over the quality of 
the parts is shown. Also, we conduct the performance evaluation of the parts, obtained 
with the optimized processing parameters, when stimulated by different temperatures. 
Chapter 5 is the concluding mark in this dissertation and exposes the required future 
work. 






2. State of the art 
In this chapter the most relevant theoretical concepts for project development 
are described. An overview of functional materials is covered, which is followed by the 
definition and history of thermochromism. In terms of thermoplastic compounding, 
general aspects are described alongside with processes description of compounding 
thermochromic materials. For additive manufacturing, the main technologies are 
reported with main focus on material extrusion. Lastly, functional materials in additive 
manufacturing are also analysed. 
 
Overview of functional materials 
In order to accompany the industrial and technological evolution through time, 
a new era of materials emerged, enhancing the interaction between products and user. 
Aligned with the inspiration of interactive systems present in nature, researchers have 
started to produce materials that presented responsive features to a physical, thermal 
or chemical stimulus. In this order, functional materials emerged as a new generation of 
materials, presenting the possibility of adding new properties to the product and 
improving optical and thermal properties. Regarding mechanical properties, common 
structural materials, which are the most used in the industry, present better mechanical 
properties than functional materials [7], [8]. 
One of the first documented functional materials with a responsive feature 
consisted in a discovery by a German chemist, Diesbach. This material consisted in an 
inorganic compound which presented the colour change feature once an electrical field 
was applied. It was only in 1824, that studies proceeded to minerals with piezoelectric 
capabilities, resulting in the observation of the piezoelectric phenomena [9]. Since then, 
the searching path has continued, providing functional materials in every material class: 
ceramic, polymers and metals. 
Another important factor in functional materials is the misunderstanding with 
the concept of smart material. Smart materials display intrinsic changes without having 
an external artificial stimulus, the change occurs only from environmental fluctuations. 









materials be explored, yet in this phase, the concept exposure will include the general 
functional materials [10]. 
For functional materials, a general observation is the often verification of 
compounds between the material matrix, which provides the responsive feature. This 
typical approach results in materials presenting the compound features. Anyhow, there 
is a possibility to use materials that are intrinsically responsive, although they are not as 
frequent when comparing with the typical approach. Considering ceramic materials, the 
fabrication process consists of a structure base material, connected with a ceramic 
substrate, resulting in a layer formation. A practical example is a film which detects gases 
via changes in electrical resistance. For this film, it is verified an increase in the electrical 
conductivity of the device when the ceramic materials (e.g. SnO2, WO3, and ZnO) absorb 
the combustible gas and the air present in the environment (beyond oxygen). This 
combustible gas reacts with the oxygen ion, releasing electrons in the conductive band, 
which provides the sensitive feature [11]. In majority, ceramic films are integrated into 
electronic applications, for microsystems in a layer-by-layer system. However, 
functional crystals, battery materials, and high-temperature superconductive ceramics 
are also other possible applications for this class of material [12]. Regarding the polymer 
family, besides physical mixing and solvent blending methods, the fabrication process 
can also be approached in terms of chemical methods. Commonly, the process consists 
in the addition of functional molecules into polymeric systems. The formulation and 
type of polymerization are established, considering the intended feature and 
application. For instance, spiropyran, an organic compound, has frequently been used 
to induce a colour change in polymeric materials. The polymerization process can occur 
in several forms, but, the most usual is the radical polymerization and atom transfer 
radical polymerization (ATRP) [13]. In the case of functional metals, inorganic 
compounds are typically added. The fabrication process is similar to polymer materials, 
in which a compound is added to the matrix in order to obtain a desired effect [14]. 
As explained, functional materials are available in different forms and used for 
variable applications. Therefore, a division between the responsivity versus the stimulus 
is explicitly exposed for the materials presenting the most importance for this 
dissertation (see Table 2.1) [15]. 











































Concerning the optical response, the colour change is a response to an 
environmental condition, resulting of an optical, mechanical, electrical or thermal 
stimulus. According to Marinella Ferrara, “the principle by which these materials 
function can be explained by an alteration in the equilibrium of electrons caused by the 
stimulus, with a consequent modification of optical properties, such as reflectance, 
absorption, emission, or transmission ” [16]. The optical properties of materials are 
critical for a correct interpretation of colour by the human eye; thus, every object is 
exposed to a light source. In this particularity, materials need to contain compounds 
capable of absorbing, reflect or scatter the exposed light, along with features which will 
change through stimulus implementation [17]. During temperature exposure, 
thermochromic and thermoluminescent materials change the object colour and 
transparency, respectively. Consequently, the most common application for these types 
of materials is related to products that provide information about temperature. Coffee 
mugs, baby spoons, and cups are some examples of products presenting dual-colour 
change to assure user safety by providing visual information and therefore preventing 
burning [18]–[20]. 
In the case of photochromic materials, the use is often for accessories decoration 
or in sunglasses ; however, recently, the utilization is emerging in traffic signs. The ink 
applied in the road for signposting glow during the night, after absorption of the sunlight 





during the day. Submitting the material to any light exposure, from electromagnetic 
radiation until infrared (IR) light, promotes a higher state of excitation of electrons in 
photochromic materials. Photochromic materials may be organic or inorganic, being the 
most employed and therefore, commercially available, the organic type, namely T-type 
and P-Type materials [21]. The changing feature, in T-type material, consists in the 
modification of the material’s colour, when exposed to visible or ultraviolet (UV) light. 
The returning to the original state occurs by removing the material from the light. 
Straight after, is observed a gradual transition until the reaching of the original colour. 
Similar to T-Type, P-Type materials do not return to the original state through the non- 
exposure to visible light. In this case, it is necessary to expose the material to 
electromagnetic radiation of different wavelengths, when compared with what was 
used to initiate the reaction [22]. The most common application for P-Type materials 
are the eyeglasses, sensitive do light (see in Figure 2.1 ). Following the same mechanism, 
glasses for windows which darkness with the sunlight, are in constant growth, being an 
option for energy efficiency in houses. In another aspect, photochromic materials are 
applied for security sensors; authenticity control is observed when a mark appears 
through UV light exposure. This application is used for controlling branding of clothes 
until counterfeit passports [23]. 
 
Figure 2.1 – Solar radiation effect on photochromic lens[24]. 
 
Mecanochromic materials, which also have optical responses, are stimulated by 
mechanical stress, stretching, or grinding. The mechanical stimulus creates a chemical 
reaction that leads to bond breaking, or conformational changes. Affecting the structure 
geometry, this alterations, on a molecular level, are rotations in the molecular chains 
around the covalent bonds, which will allow an adjustment of the bond angles [25]. For 
this type, the changeable mechanism is irreversible; sensorial applications are the 





natural approach, however, are not used yet due to the difficulty of development of the 
optimum polymer blend on a large scale [26]. 
An example of the mechanochromic effect is observable in Figure 2.2, where a 
mechanical stress is inputted originating a bondage cleavage forming a different colour. 
 
Figure 2.2 – “Mechanically induced bond cleavage of indolinospiropyran-poly(ε-caprolactone) films. Reprinted with 
permission from ref. 53. Copyright (2010) American”[25]. 
 
Piezochromic materials are also stimulated by mechanical stress varying in the 
type of mechanical input. In this case, a hydrostatic compression or a mechanical 
grinding/shearing below 1 bar gives the result [27]. During pressure application, it was 
observed an alteration in the molecular geometry along with intermolecular interaction, 
which is responsible for the optical feature. Since the stimulus applied in this case is low 
pressure, the applications directed at this type of material are related to pressure 
sensors. Detection of a specific mechanical behaviour in experimental tests, visual 
colour alteration as detection of impacts in the packaging transport, or for industrial 
applications are some of the most common applications [28]. 
Lastly, electrochromic materials also present an optical response although, in 
this case, the stimulus is based on the application of a low electrical potential, which 
generates the colour change. After the removal of the current, this shifting is held. The 
 
 





changing process consists of a series of chemical reactions, based on an induced 
oxidation-reduction reaction, leading to a gain or loss of electron [29]. Used as coating 
in the so-called smart windows, electrochromic materials are chosen above 
photochromic material. This choice occurs due to a major radiation approach, including 
the infrared region. The utilization of these windows prevents the overheating in 
buildings, diminishing the energy consumption for cooling [30]. 
After the optical response, the mechanical response has the most types of 
functional materials; in this case, mechanical behaviour is changed when compared to 
the phase before the stimulus application. Regarding shape-memory materials (SMM), 
research is constantly evolving thought the years. The associated feature is the shape 
alteration from a specific temporary deformed shape to a “previously” programmed 
shape. Usually, this effect is recognized as the shape memory effect. Typically, a stimulus 
is imposed activating the memory feature ability, which could be temperature change, 
stress input, a magnetic or electric filed, pH alterations or even UV light. Depending on 
the trigger, the shape change presents a strong dependence on the programming and 
recovery conditions, in terms of deformation temperature, deformation quantity, 
loading rate, cooling rate, and heating rate [31]. 
In terms of electrical response, several materials are included in these categories. 
In photoconductive materials, the electric response is observed when there is exposure 
to light in the infrared, visible or ultraviolet light range. In practical terms, every material 
is sensitive to light; thus, there is a generation of current carries due to the correct 
wavelength exposure, which is not always detectable commonly. The photoconductor 
materials with the most use according to Gregory E. Stillman, “…are characterized by 
comparatively long lifetimes and low dark currents, have most of their charge carriers 
immobile (in the dark).” [32]. Usually, they are incorporated into other materials. A 
typical example is the darkness observed when exposing the cell phone displays to light. 
In general, systems with broad light control have incorporated these materials [33]. 
Considering piezoelectric and thermoelectric materials, the difference between 
them is the stimulus imposed. Both are materials entirely used in the electronic field as 
in the technological advances [34], [35]. 
In short, functional materials became essential in the production of products so 
assure that they can keep pace with the time evolution. With the continuous 





development, the use of functional materials will undoubtedly be more common in 
structures and applications with higher safety needs. 
 
Thermochromism 
At this stage, the history and definition of thermochromism are exposed. For 
better understanding, thermochromism is addressed in polymeric materials along with 
the inherent synthesizing techniques. Finally, the types of materials present and 
subsequent applications are noted. 
2.2.1. History 
In 1871, Professor Edwin James Houston carried out one of the first studies on 
chemical compounds demonstrating colour changes. He carried the investigation 
focusing on the behaviour of inorganic compounds when exposed to heat, which would 
indicate the presence of reversible and irreversible colour variations [36]. Nonetheless, 
it was only in the 1960s that the first practical applications, with liquid crystals, were 
approached with the appearance of the digital watches, opening this way the door for 
thermochromic materials [37]. 
2.2.2. Definition 
Thermochromism is the process of colour change to temperature exposure, 
which it is observed in single inorganic or organic compounds, the use and combination 
of them with other materials is what confers the effect. For inorganic compounds 
thermochromism is observed, in solids and solution compounds, structural changes are 
observed as modification of the crystalline phase, leading to different wave length 
absorptions originating different colours. Regarding the organic compounds, the 
process appears also as chemical arrangements, acid-base reactions, keto-ethanol 
rearrangement and lactim-lactam equilibria are some of examples of molecular 
structure alteration [38]. 
Besides the compounds mentioned before, one of the best-known examples that 
can be found in nature is the behaviour of the colour change of a chameleon. The 
observation of this process is still in research, however the thermochromism effect is 
easily observed by the naked eye. The observation of the colour shift is still a great 
inspiration for plenty application purposes [39]. 
 
 





2.2.3. Thermochromic effect on polymers 
Briefly, the molecular structure change is what induces different levels of 
absorption and reflection of light, which results in colour shifting. In terms of molecular 
alteration, change varies according to the type of material involved, which means 
different optical responses [40]. In Figure 2.3 is possible to see a molecular structure 




Figure 2.3 – “Mechanism of the ring-opening reaction in the spiropyran di-βnaphythopyran. Cleavage of the spiro 
carbon-oxygen bond yields a structure with greater planarity and extended π-conjugation. The compound becomes 
colored due to this extended conjugation.”[41]. 
 
For liquid crystalline polymers (LCP) presenting the thermochromic effect, in 
general, two different groups are observed. The first group presents inherent helical 
superstructures while for the second group, the development of the helical 
superstructures occurs by stimulation through the addition of chiral dopants. Typically, 
at the shifting temperature, the helical structure length pitch changes, resulting in a 
different light reflection in the visible range. In Figure 2.4 an illustrative representation 
of the effect of colour according with the different pitch is observed. The wavelength 
reflected when the thermochromic effect is verified needs to satisfies the Bragg Law. In 
this case, the non-reflected light is either absorbed or transmitted. Concerning a better 
outcome of the shifting effect, the use of a material matrix presenting black colour, 
prevents the wavelength interfering. 
 
 








Figure 2.4 – Representative diagram of the pitch length change and the corresponding colour of a chiral nematic 
phase liquid crystal above the S-𝑁∗transition [42]. 
 
For crystalline colloidal arrays added to the polymeric matrix, when 
accomplishing the shifting colour, different reflections are also observed. Regarding 
organic thermochromic mixtures, two-component mixtures and three-component 
mixtures are also present in the material category which changes the perception of the 
wavelength [43]. Leuco dyes, which are responsible for the colour change, do not 
present thermochromic capabilities without stimulus. The colour-shifting happens due 
to a change in the pH of the solution. With the presence of the colour developer in the 
two-component mixture or with the developer plus solvent, the thermochromism effect 
is achieved (see Figure 2.5). Shortly, the activation temperature changes the equilibrium 
position of the molecular organization [44]. 
 
 
Figure 2.5 – Schematic representation of the synthesizing process of three component mixtures [45]. 
 
 





Besides wavelength distortion, structural changes, resulting in a different 
wavelength absorption, are also a resulting effect on light. This response is observed for 
conjugated polymers. Also, in some inorganic compounds involved in polymeric 
matrixes, and in general, systems that use thermochromic dyes or conjugation of them 
with developers, the responses are also the same. The conjugated concept, when 
applied to polymers, is referring to the structural organization of the chain, which is 
observed as an exchange of single and double bonds thought the chain. This bonding 
alteration creates a system of de-localize electrons enabling the sharing between 
several atoms, resulting in a possible movement of the electron through the chain [46]. 
Here, a change in the wavelength absorption of the light exists when the temperature 
increases. Consequently, a conformational change occurs, causing order-disorder 
transition in side-chain groups, differing from the original conformation. Apart from 
changes in the chromophore zones, thermochromism in inorganic materials may also 
be originated from an alteration in the bandgap energy, phase transitions or changes in 
the reflection properties [47]. Figure 2.6 shows an example of thermochromism of an 
inorganic compound. 
                           
Figure 2.6 – Representation of the thermochromism present in a metal oxide (inorganic compound) monitored by 
UV-Vis spectroscopy and microscopy [48]. 





2.2.4. Synthesizing techniques 
Synthesizing techniques are specific according to materials’ differences/family. 
Considering this project, the study and development will be focused on thermochromic 
polymers. It is possible to synthesize polymers that have inherent thermochromic 
properties. For processing purposes, a combination with other materials is the most 
common use. Regarding organic substances, conjugated polymers are the only polymers 
that present intrinsic thermochromic characteristics. There are two main processes for 
its synthesis, chemical oxidation or electrochemical polymerization. The choice of which 
process to use is dependent on the final purpose. It was observed chemical 
polymerization when conjugated monomers are mixed with a suitable oxidant for the 
solvent, requiring constant stirring. In electrochemical polymerization, a potential is 
applied to oxidize the monomer solution. The solution contains monomer solvent and 
the electrolyte facilitating this process. In the end of the process, a pre-doped material 
is obtained. As an example, polythiophenes present both fabrication process 
possibilities: oxidative polymerization into the corresponding thiophenes may be 
conducted and, besides this, a preparation in non-aqueous solution also can occur by 
electrochemical polymerization [49]. 
In the same context, liquid crystals that contain a helical structure are another 
form to provide the thermochromic effect in polymers when combined with the polymer 
matrix. Thermotropic liquid crystals depending on nature can assume two different 
types: sterol derivatives and non-sterol derivatives. Sterol derivatives were the first to 
be discovered and are commonly known as cholesteric liquid crystals, while the non- 
sterol derivatives assumed the name of chiral nematic crystals. Currently, a combination 
of both is very used for a better retain of the best advantages of the two. In Figure 2.7 
it is possible to see an example of the integration of a thermochromic liquid crystal for 
a label construction, usually, these products are used to inform specific temperatures. 








Figure 2.7 – Thermochromic liquid crystal label construction [50]. 
 
Another critical aspect of liquid crystals is the specific sensitiveness to several 
environmental conditions such as light, common solvents, fats, and organic chemicals. 
The integration by microencapsulation has become a crucial part of the synthesizing 
process. In general, a coating process involves small quantities of matter. This process 
provides decreased degradation, therefore increasing lifetime and the ability of 
mixtures with several materials, allowing as well, the mixing between the several liquid 
crystals [51], [52]. 
For leuco-dye-developer systems, the encapsulation also occurs, however, these 
systems are not used in large quantities for polymer processing due to the sensitivity to 





high temperatures and by presenting poor shear stability [51]. A representation of 
leuco-dye-developer systems is represented in the following Figure 2.8. 
 
Figure 2.8 – “ Schematic illustration of the operation principle of a leuco dye-based thermochromic display.”[53]. 
 
In summary, for the integration of the thermochromic feature in thermoplastics, 
microencapsulation of inorganic pigments is commonly employed to generate the most 
adequate masterbatch for the best result. 
 
2.2.5. Material types and applications 
As mentioned before, a wide variety of polymer materials can present 
thermochromism. Often, thermochromic materials are used as temperature indicators 
for the majority of the applications, in Figure 2.9 a thermochromic label is used to 
control at which temperature the tomatoes need to be. However, with technological 
advances, different purposes are starting to emerge. 
  
Figure 2.9 – Representation of a thermochromic label use for temperature control [54]. 
 
 





It is possible to say that leuco dyes and liquid crystals are still the most prevalent 
type of materials, due to the several applications. Considering leuco dyes, one of the 
most common applications is the thermal paper. The thermal paper was first introduced 
in the market in 1965 for thermal printers. This paper contains a microencapsulated 
three mixture component which, upon activation by temperature, changes colour. The 
printer head heats the paper, in specific zones, according to the image to print. Although 
the faster leading times of printing, the process is cheaper and very precise overcoming 
the ordinary ink printing when, for example, for printing barcodes. This process is 
irreversible, however, it is inserted in the thermochromic application [55]. Besides 
thermal paper, leuco dyes are also used in paints, inks and compositions for polymer 
composites (see Figure 2.10). 
   
Figure 2.10 – Thermochromic liquid crystal ink representation [56] (left), colour change – Printing package 
(right)[57]. 
 
Similar to leuco dyes microencapsulated, liquid crystals (example in Figure 2.10) 
can also be used in inks and paints. In the textile industry, liquid crystals are used for 
dyes in smart clothing or for fashion aspects. K.R. Karpagam et al., developed smart 
clothing for military purpose (see Figure 2.11). Through a set of changeable colours, it 
was provided camouflage clothe at a room temperature which, in the case of higher 
temperatures, would turn into brown colours, mimicking the desert colour [58]. 








Figure 2.11 – “Reversible colour change of camouflage printed fabric (a) without heating, (b) with heating at 60 °C 
for 2 min.”[58]. 
 
In addition, liquid crystals inks are also applied for athlete clothes in order to 
have an optical monitor of the body temperature, since professional athletes usually 
train for several hours’ straight. This solution would be a more effective way to prevent 
physical exhaustion [59]. Also, in the aerospace industry, thermochromic paints are used 
to change the emissivity of surfaces under a thermal effect. 
Regarding conjugated polymers, polythiophenes and polydiacetylenes 
derivatives are widely employed. For polyhiophenes, the most common use is as 
conducting layers in electronic devices. Besides the colour change, due to the electric 
properties, it is quite used in various application. 
An example of application of another material type is in the medical industry. It 
was developed a thermochromic based system, which is able to detect an interruption 
of the cold chain of blood bags. In this case, an irreversible change is observed in the 
material when the blood bags exceed the critical temperature, preventing this way, the 
incorrect use on a patient [60]. 
A wide variety of applications exist resourcing to mixtures presenting inorganic 
compounds. For example, smart windows presenting coatings in the glasses with 
vanadium oxide, a transition metal compound, enable the regulation of the light amount 
absorbed. This material presents a reversible transition on the optical properties, due 
to alterations in the infrared region. Consequently, the glass will present less 
transparency, when a temperature rise is verified. The use of this coating allows a better 
management of the energy consumption of a building, promoting this way, more 
sustainability and fewer costs [61]. In regarding to safety aspects, baby bottles and child 
spoon containing thermochromic compounds help to prevent burns when sifting colour 





at the burning temperature. Mugs and pots are also examples of similar applications 
(see Figure 2.12) [18], [19], [62]. 
 
Figure 2.12 – Examples of products with thermochromic feature (left) [63], (right) baby bottle example [19]. 
 
Thermoplastic compounding 
At this phase a general overview with the most important aspect regarding 
thermoplastic and colour compounding are observed. 
Compounding operations are characterized by the obtaining of materials with 
specific behaviour during and after the processing. The involved processes are chosen 
according to the wanted polymer properties, jointly with its final use. Compounding is 
an essential process in the industry field, since it allows to introduce and improve the 
characteristics of raw materials. Also, it reduces processing times through the process 
optimization [64]. 
In thermoplastic compounding, the modification and incorporation of additives 
usually occur in raw polymers, which include mixing and melting as some of the primary 
operation [65]. 
 
2.3.1. Process aspects 
Mixing of materials with additives or mixing between different materials initiates 
the compounding process, in which a physical or a chemical process can occur. Mixing 
can be divided into two types, dispersive and distributive mixing. Dispersive or intensive 
mixing is, as the name indicates, the most intense mixing process. In this case, the mixed 
material is subjected to a combination of forces inherent to the process, diminishing the 
formed agglomerates and breaking the molecular structures. On the contrary, 
distributive mixing is referent to as an extensive mixing, since a homogeneous spatial 
 
 





distribution occurs between the components, thus increasing randomness of the spatial 
component distribution. Distributive mixing is often used for the mixture of colour 
compounds with a polymeric matrix, while for other compounds, dispersive mixing is 
preferred. One interesting fact is that distributive mixing will always occur during 
dispersive mixing, but the opposite only happens when the stresses on polymer 
compounding increases [66]. 
For an excellent compounding operation, it is also essential to understand the 
involved equipment, such as batch and continuous mixers, which are chosen according 
to the type of material finality, formulation or mixture homogeneity. Batch processing 
is a mixing operation commonly used for mixtures with controlled mix composition 
and/or with mixtures that require controlled mix times. In this process, the material and 
compounds are inserted as a whole in the batch mixer. Afterwards, the mixture 
proceeds until the accomplishment of the desired homogeneity. There are several types 
of batch mixers; however, it is possible to admit a division between them. First, there 
are non-plasticating batches which are aimed for solid and liquid mixtures and present 
less rotation speed. These characteristics can result in component segregation 
originating formulation problems. Therefore, these batches are often used for small 
productions. Lastly, there are plasticating batches destined for the demand of melting 
and mixing polymers, which have a two-roll mill and internal mixers, as some of the 
equipment. Opposite to non-plasticating batches, in the case of internal mixers, the 
rotation speeds involved are higher, thus influencing directly the heat generated in the 
mixture. This factor results in a better compounding and makes these mixers more 
suitable for the pre-mixing of polymer formulations. 
As previously mentioned, continuous mixing is another type of process present 
in the compounding operations which, in this case, the process occurs without 
interruptions and the materials are loaded continuously in the extruded equipment, 
resulting in a faster and easier process [67]. 
Compounding extrusion is responsible for the mix and melting of materials in a 
solid or liquid state. The process has several variants however, one of the most 
important aspects is the selection between a single or twin-screw extruder. This decision 
is similar to the reason for the selection between different batch mixers, which is the 
direct dependent on the material properties, formulations aspects and final use. In 





general, the extruder principle relies on mixing and melting materials. Single-screw 
extruders were first in the thermoplastic and thermoset industry, introduced in the 
1870s. Nevertheless, it was only at the beginning of the 20th century, that this 
technology was used to continuous mixing. Before this time, this equipment was only 
used for pumping material. The often use of this technology, besides compounding, is 
related to the production of plastic parts, such as filaments, pipes, and sheets. A typical 
single-extruder is shown in Figure 2.13, the drive system is composed by the gearbox 
and the drive motor which is responsible for power generation. This energy is used to 
induce a rotation movement in the screw, thus enabling the material mixing and drag 
flow with a pre-defined speed. The feed system is composed by the hopper, feed throat 
and screw feed section. The hopper and the feed throat must be connected entirely and 
without any leaks in order to prevent possible defects that are inherent to the process 
as, for instance, build-up material which can originate contaminations in further 
compounding. Mixing and melting are ensured by a combination of barrel heaters and 
screw. The screw in combination with the barrel is responsible for the material dragging, 
resulting from the involved pressures that are present. This combination also has 
homogenization and mixture are also other features. 
Typical screws in single-screw extrusion have three main sections: feed zone, 
compression zone and metering zone. 
➢ Feed zone: responsible for the material carrying from the feed throat, which is 
situated right under the feed system and, is characterized by the deep flights 
along with the constant depth. Usually is 50 % of the length; 
➢ Compression zone: also named as transition zone. Here, the material starts the 
transition from the solid to the melted state. The full melted state is only 
accomplished between the compression and metering zone. This section is 
about 30% of the length of the screw and is characterized by the presence of a 
diameter increase through the zone. Also, the depth of the flights is decreased, 
presenting a shallow surface; 
➢ Metering zone: in this zone is present a fully melted material. Therefore, this 
zone is responsible for providing the necessary pressure for a good material flow 
through the die. In this case, the diameter screw is constant and the flight depth 
is the smallest. 





The radical changes in the screw designs are only effectuated when the 
presented screw zones do not correspond to the required specifications. For example, 
changes can be done to improve mixing aspects or having better temperature control in 
the process. Compression ratio, which is the reason between the depth feed zone and 
the depth in the metering zone, is a crucial factor when evaluating new designs. This is 
mainly because, by measuring the involved pressures, it is possible to have a better 
comprehension of a good mixture and a consequently good dragging. Other essential 
accessories present in the extruder are the controllable heaters attached to the barrel. 
They provide sufficient energy and heat for the correct melting throughout the process, 
since reasonable temperature control is crucial for preventing material degradation. 
Lastly, the die is responsible for imposing a specific transversal section to the melting 
material [67]. 
 
Figure 2.13 – Representation of a typical extruder system [68]. 
 
For compounding materials, besides the screw design mentioned, barrier flight 
screws and the pinned stirring-type extruders are also common approaches. Regarding 
twin-screws extruders, when comparing to single-screw extruders, as the name 
indicates, in the barrel are present two parallel screws instead of one screw. They can 
assume three movements, co-rotation, counter-rotation with intermeshing or non- 
intermeshing configurations. The movements, aligned with the possible different screw 





designs, allow the capability of having different degrees of mixing and melting. Existing 
in several designs, and allowing different mixing ratios, co-rotating twin-screw machines 
usually have modular configurations and, are thus quite flexible for adapting to changing 
tasks and material properties. Well-founded knowledge of machines, processes and 
material behaviour is in order to design twin-screw extruders required for economically 
successful operations [65], [69]. 
The processes described above are the general aspects of the extrusion method; 
for compounding materials, there are screws preferably used. 
 
2.3.2. Colour compounding 
Colouring thermoplastics is a specific branch of the compounding process. 
Similar to every compounding process, some principles and parameters need to be 
optimized and controlled to assure a superior final finishing. 
The colouring plastic materials are mainly used for aesthetic and information 
purposes, and, it is done by using colour concentrate or masterbatches [38]. Solid 
masterbatches are the additives most used for colouring thermoplastics, due to the 
feasibility of processing and colour achievement. Normally, masterbatches are 
constituted by a polymeric matrix similar or compatible with the primary polymer to 
process. However, it can also have a universal carrier. In the mixture aspect, the mixture 
can occur in line or off-line. In line, the mixing occurs in the mixer and is performed upon 
the extruder. The blending process occurs simultaneously with the extrusion process. 
On the other side, off-line blending happens before the extrusion process with the 
materials being mixed in a suitable mixer [70], [71]. For colouring, the process must be 
optimized as it is crucial to ensure a high degree of homogeneity through a good 
dispersive and distributive mixing [38]. 
Regarding the colour concentrates, powder or liquid forms are available yet, are 
less used due to the difficult dosing maintenance through the process, along with colour 
differences. 
 
Compounding of thermochromic materials 
Considering the compounding process of thermochromic materials, it was 
concluded that the compounding process of thermochromic materials is similar to the 
 
 





thermoplastics colouring. The thermochromic feature is a colour change which is 
conferred to a specific material, whereas the addition is the same as the compounding 
aspect, including the same mixers and extruders, as mentioned before. Thermochromic 
materials can be found as standard colours in solid or liquid masterbatches. Regarding 
the thermochromic effect on polymers, there are polymers that present 
thermochromism intrinsically, and polymers that have the thermochromic feature 
added. The addition of a thermochromic feature through the chemical process was 
previously explained. 
Regarding the use of masterbatch, the process also relies on the pre-mixing 
before the addition in the feed hopper. For example, the production of a hairbrush with 
thermochromic filaments is an example of how is incorporated this feature. In this case, 
the filaments are produced independently to the body of the brush due to the 
thermochromic aspect. A pre-preparation of the thermochromic compound occurs via 
dye mixing and respective binders. Later, this compound and the polymer matrix are 
mixed inside the extrusion equipment, and then, pushed to the extruder die, resulting 
in the thermochromic wires [72]. 
 
Additive Manufacturing 
The technological production of parts, layer-by-layer, formed based on a 3D 
model data, is called Additive Manufacturing (AM). The first appearance of this concept 
was in 1987, with the emerging of a processing technique consisting of the layer-by- 
layer deposition and posterior cure of a thin liquid UV sensitive polymer, which would 
result in the desired part. This process is named stereolithography (SL). This emerging 
process resulted in the production of the first commercial equipment – 
Stereolithography apparatus, which was determinant for the growth of additive 
manufacturing. Up until this event, the only manufacturing technologies existents were 
traditional subtractive manufacturing and formative manufacturing methodologies [73]. 
The geometry of the desired part is produced through a CAD software model, 
being posteriorly converted into a STL file. This conversion is crucial for the 
interpretation of the production equipment. The conversion is responsible for the 
transformation of the solid model into a set of transversal layers that will be read by the 
pre-configured equipment to the desired needs. 
 
 





AM technologies are interesting production technologies due to the design 
freedom, fastest producing times, along with a series of different techniques which 
include rapid prototyping and 3D printing. These aspects make AM stand out when 
compared to the traditional manufacturing process, increasing its industrial use [74]. 
 
2.5.1. Technics & Materials 
According to the standard norm ISO/ASTM 52900:2015, AM comprises seven 
different process categories: (i) vat polymerization; (ii) material extrusion; (iii) material 
jetting; (iv) binder jetting; (v) powder bed fusion; (vi) direct energy deposition; and 
(vii) sheet lamination technique [75]. 
Briefly, the vat polymerization production process relies in the use of a liquid 
material, containing suitable light sensibility, which will be cured in a selective manner, 
forming the 3D part. Material extrusion appears as a process that uses material in a 
filament form that is selectively deposited through a nozzle. In regarding to material 
jetting, droplets of the liquid material are selectively jetted, being then cured with UV 
light. Binder jetting also resources to liquid material that is deposited over powder 
material layers, and functions as a binder hence, the name of the process. Powder bed 
fusion is a process in which layers of powder material are selectively sintered by a laser 
beam. In the direct energy deposition process, the material is melted simultaneous to 
the deposition. Finally, the sheet lamination technique consists of a bonding process of 
material sheets to form a part [75], [76]. 
For this dissertation, the chosen technique is material extrusion. This approach 
focuses on the fact that it presents itself as an appealing and stimulating prototyping 
technique for developing the case study. Following the content presentation will be 
entirely focus on this technique. 
 
2.5.2. Material extrusion 
Technological approaches for AM are still recent. Material extrusion is the 
technology with the vastest number of equipment in the market. It was only in 1988 
that the first concept of a material extrusion technique appeared, and S. Scott Crump 
was the first person to introduce this process. The purpose was to fabricate a toy for his 
daughter through an easy and faster process. To do so, he used a hot glue gun and 





formed with the melted material a small part with several layers. He later took his 
invention to Stratasys Ltd. in Minnesota USA, which was the first company to patent and 
manufacture equipment for material extrusion. Fused deposition modelling (FDM), 
fused filament fabrication (FFF) or melted extrusion fabrication, started to spread across 
the world, becoming the most used method for the production of rapid prototype parts 
[77] . 
 
i. Process Sequence 
The production of a part using material extrusion became simple with time and 
technological advances. Nowadays, almost any person can design a small part, in proper 
software design, and then proceed to the fabrication using a FDM equipment. 
Concerning the piece to produce, the creation of the CAD model is crucial. The 
file is posteriorly converted into an STL format. This conversion is essential for a correct 
reading by the equipment. Briefly, it consists in a transformation of the solid model into 
a series of slices for the posterior layer deposition. Once the model is defined, it is 
important to determine the material and the appropriate processing conditions (e.g. 
building orientation, infill type, deposition speed). In general, these parameters are 
standard, yet, depending on the equipment, there can be more variants. Figure 2.14 
depicts the process sequence. 
 
Figure 2.14 – Process sequence for the material extrusion technique. 
 
In the FDM process (see Figure 2.15), the filament of thermoplastic material is 
transported by drive wheels until the nozzle. At the nozzle, the material is subjected to 
a heating process until melting. Then, it is extruded over the building platform creating 
a pre-defined pattern [78]. 
Design the 3D model 
Conversion into a STL 
file 
Definition of the 
processing parameters 








Figure 2.15 – FDM process scheme (adapted from [63]). 
 
It is important to notice in this process the existence of the support material, 
which can be a weaker material or the same as the building material. For the process, 
this material is deposited in pre-defined locations to sustain critical areas of the part to 
build. Typically, the support material is extruded, in the first phase, to give a base 
between the part and the heated building platform. The support location and 
configuration typically are optimized by resourcing to specific software or by adequate 
the part design. Once the part is complete, it has left to cool for a short amount of time 
to solidify completely [79]. 
 
ii. Parameters 
When processing a part employing FDM, it is necessary to adequately define the 
process control parameters in order to accomplish a part with good quality. Several 
studies related to process parameters and respective optimization are available in the 
literature [80]–[82]. 
Temperature parameters mainly include the nozzle and building platform 
temperature, nevertheless for some equipment’s building temperature is also a 
variable. The establishing of these values considers the material properties, such as for 
example, melting and glass transition temperature and viscosity. Another important 
aspect is the diameter of the nozzle tip, typical values are 1,75 mm and 2,85 mm. Other 
parameters are directly responsible for the part geometry quality and mechanical 





performance, including layer height, contour width, air gaps, raster angle, number of 
contours, among others. Layers consist of the slices that were previously converted by 
the STL file. The layer height is a controlled aspect that affects the quality surface and 
the building time. For instance, a thicker layer decreases the total building time, the 
surface quality in the finish decreases, contrarily, a thinner layer potentiates an 
improved finishing, requiring a longer building time. The control of the deposition 
process of layers is divided by the orientation of the model, the path orientation of the 
layers, and building orientation (X, Y, and Z axes of the building platform). Normally, 
these parameters are widely studied for process optimization [83]. Between layers, it is 
possible to control the air gap, which indicates the space within each raster tool path. 
Larger air gaps usually decrease the mechanical properties of the part. Additionally, 
raster width and raster angle are often misunderstood due to the apparent similarity of 
nomenclature. Raster angle refers to the angle of the raster pattern concerning the axis 
of the building plate. Raster width is referent to the thickness of the material, which 
depends directly on the inherent nozzle tip. Infill density and style (e.g. linear, 
hexagonal) are also of great influence in the structure of the part since, the filling of the 
part directly affects the mechanical properties. The combining of these parameters, 
results in an adequate part, responding to the manufacture desires enable the 
construction of prototypes testing [84]–[88]. A broad summary of them are observable 
in the following figure (see Figure 2.16). 
 
Figure 2.16 – Process parameters in FDM [89]. 






For FDM, there is a set of specifications that the material must correspond, in 
order to guarantee a successful fabrication process and the obtaining of quality parts. 
The most important properties include: (i) typology; (ii) viscosity; (iii) dimensional 
stability; (iv) crystallinity; (iv) thermal conductivity; (v) heat resistance; and (vi) 
mechanical properties. Materials with amorphous structures are the most employed; 
however, semicrystalline are also used. Historically the most used materials are 
Acrylonitrile butadiene styrene (ABS), amorphous structure and Polyacid lactic (PLA), 
semicrystalline structure [90]. 
In terms of typology, FDM resorts to filaments of materials to build parts. The 
filament diameter, as previously stated, ranges between 1,75 mm and 2,85 mm. When 
using larger diameters, a higher temperature is necessary to assure a complete melt 
[91]. Considering that the filament passes through a nozzle tip with a specific dimension, 
the dimensional tolerance of the filament is crucial. The dimensional tolerance affects 
the process and, consequently, the quality of the part. Typical dimensional tolerance 
values range between ± 0,05 mm and ± 0,1 mm [92]. 
Similar to other processing technologies for thermoplastic materials, the 
viscosity is an important property for the printing process. A lower viscosity may 
promote adhesion through molecular diffusion resulting in parts with improved 
mechanical properties. Also, as the material becomes more fluid, the passage of 
material through the nozzle is easier. It is important to consider that, when decreasing 
the viscosity by incrementing temperature, one must be careful to avoid possible 
material degradation [93], [94]. Although a lower viscosity presents benefits to the 
building process, a minimum extensional viscosity is required for the production of 
filaments by extrusion. Therefore, the viscosity of the material must be balanced in 
order to take into account these two effects. 
The dimensional stability (variation of dimensions caused by exposure to 
temperature fluctuations) of parts, in any production process, is of major importance. 
Polymeric based parts manufactured by material extrusion are prone to the occurrence 
of warpage and residual stress [95], [96]. The crystallinity of the building material also 
influences the dimensional stability of the resultant part. The building material for FDM 
should present higher mechanical properties than those intended for the final part, in 





order to assure that the final part withstands the demands, when in service conditions 
[79]. Semi-crystalline polymers present better mechanical behaviour and chemical 
resistance, being suitable for demanding applications [93], [97]. A balance between the 
properties must be achieved as they are interdependent. 
 
iv. Applications 
FDM is a technology used mostly, by the industry, for the production of rapid 
prototypes. These prototypes have an increased value, due to its similarity to the 
original product, enabling pre-functional tests before the actual production. Jigs and 
features are also an application, in substitution to the standard metals, providing weight 
reduction, customization, and easy handling, at the production floor [98]. Additionally, 
final products are also commercialized, the use of this approach is in constant growing, 
for instance, the use in aerospace industry provides critical and non-critical aircrafts 
parts [99]. 
Summarily, almost in every industry the presence of material extrusion is starting 
to be a usual presence, from medical devices and supplies, to automotive industry and 
much more [100], [101]. 
 
v. Advantages & Drawbacks 
One of the many advantages of the material extrusion technology includes the 
cost-effectiveness of the fabrication of customized products and prototypes presenting 
shorter lead times and design freedom. Also, when referent to plastic materials, a wide 
range of thermoplastic materials are available for manufacturing, since common 
purpose to high performance. Whereas, it is a process that, when compared to other 
AM techniques, provides the lowest dimensional accuracy, resulting in a weaker 
resolution. In some cases, the support material is soluble while in other cases the 
support material is the same as the building material and therefore, after removal, it is 
noticeable the areas where the support material was attached, which inevitably, 
decreases the aesthetical aspect alongside could also affect the final purpose of the part 
[84], [102]. 





Functional materials for additive manufacturing technologies – 
material extrusion 
Typically, the functional materials available for material extrusion are materials 
that change colour depending on a temperature stimulus or a light stimulus. This colour 
change is usually reversible but only between two colours, the main one and the one 
representing the stimulus-response. Usually, this material is used commercially for 
playful purposes. However, more and more functional materials have emerged for 
technical purposes, such as conductive inks for printing conductive electronic circuits or, 
for example, materials with a shape memory form[103]–[105]. 
 
 






3. Experimental Component 
 
In this chapter it is described in detail all the experimental framework used for 
development and study the most suitable functional material for material extrusion. For 
a better comprehension of every material phase, each of its steps, like material 
development and filament production, will be presented. 
 
Material Selection 
Polyacid lactic (PLA) was the immediate choice for the compounding of the 
functional material. PLA is one of the commercial materials most commonly used, due 
to its ease of handling in the process, and by not presenting toxicity. Also, it presents 
appealing mechanical properties and the relative affordable price are also crucial factors 
for the permanent choice. Purchased in AGI – Augusto Guimarães e Irmão, Lda, PLA 
Ercros Bio LL 712 (see Figure 3.1) becomes the polymer matrix of the desired mixture. 
With the need to develop a functional material, the thermochromic behaviour was the 
crucial feature chosen for this mixture. For this, it was purchased a thermochromic 
masterbatch compatible with a polymer matrix to the company Donna Polymer, TCMB- 
PLA-22FDA Series (see Figure 3.1). The selection of the masterbatch compound was 
based in the activation temperatures which were defined according to the average 
human temperature. This way, the material could easily be stimulated by touch, among 
other types of stimulations. Thus, the activation temperatures were 20 °C and 31 °C, i.e. 
below 20°C the material is purple, between 20 °C and 31 °C assumes the red colour and 
above 31 °C it assumes the colour of the polymeric matrix. Both technical datasheets 
are presented in APPENDICES (1. and 1.A) 
  
Figure 3.1 – Granular thermochromic masterbatch (left), granular polymeric matrix of PLA (right). 
 
 





Methods and technics 
For the development of a functional material for additive manufacturing, besides 
theoretical research, it is necessary to do a series of steps to accomplish the suitable 
material for the correct production of the part. Since the technique used will be material 
extrusion, the material needs to have a filament form with the correct diameter suitable 
to the machine. 
Thus, characterization technics were introduced firstly in order to understand 
the material behaviour based on thermal and physical properties. This knowledge 
enables a better definition of the processing parameters to ensure a proper and correct 
development of filaments. Characterization in the produced filaments was also ensured 
for an understanding of the material behaviour based on the integration of the 
thermochromic filler, and also to evaluate which mixing ratio presents the most suitable 
performance for the application purpose. Figure 3.2 shows the main steps defined to 
achieve the case-study while Table 3.1 and Table 3.2 summarize the characterization 
tests for the raw material and developed filaments, respectively. 
 
 



















































Table 3.1 – Characterization tests for the raw material and thermochromic masterbatch, previous to filament 
production. 
 


























DSC test was performed to understand the melting and crystallization 
behaviour of the materials in the study. Based on this test, it was possible 
to obtain information regarding the thermal properties, including: the 
degree of crystallinity, thermal transitions temperatures, and associated 
enthalpies. 




𝐷𝑐  = 
∆ℎ   




Where 𝐷𝑐 corresponds to the degree of crystallinity; ∆ℎ𝑓 corresponds to 
the heat of fusion at the melting temperature; and ∆ℎ𝑐 is the heat of fusion 
of the purely crystalline material, ∆ℎ𝑐 PLA = 93 J/g [106] (1). 
For each material, two tests were performed, under a nitrogen atmosphere, 
with the Netzsch DSC 200 F3 Maia equipment and according to ISO 11357. 
The tests considered a first heating cycle, with a temperature range from 0 
°C to 220 °C at a heating rate of 10 °C/min, in order to erase the thermal 
history of the samples. Next, a cooling step took place (from 220 °C to 0 °C 
at a heating rate of 10 °C /min), followed by a second heating cycle (from 0 
°C to 220 °C at a heating rate of 10 °C/min) to record the melting 
thermogram. This analysis enables the evaluation of the thermal behaviour 
between the granular PLA and the respective additive. The samples mass 
assumed  were  13,13  mg  and  15,24  mg  for  the  polymeric  matrix  and 
masterbatch respectively. 


























Thermogravimetric analysis was performed to evaluate the weight loss of 
the samples, as a function of a temperature increment, at a specific heating 
rate. It also allows us to understand the amount of inorganic compounds 
present in the material. 
The test was performed with a TA Q500 equipment from TA Instruments. 
Testing conditions include an inert atmosphere based in nitrogen pumped 
with a flow rate of 60 mL/min for the sample and 40 mL/min for the 
balance). A heating rate of 10 °C/min with a temperature range from 30 °C 















Melt flow index test was performed to evaluate the processing properties 
of the polymeric matrix. The MFI test was performed with resources to an 
MFI Daventest equipment and in accordance with the international 
standard test norm ISO 1133-1:2011(E). The material was previously dried 
for 5 hours at 85 °C to remove moisture content and, an average of 10 mg 
was used for the test. 
Briefly, the principle of this test consists on the extrusion of material 
through a capillary, with specifying length and diameter and under defined 
temperature and load. In this case, the load considered for the extrusion 
process was 2,16 kg, and the processing temperature was 210 °C (value 
established considering the technical data sheet indicated by the fabricant). 





Table 3.2 – Characterization tests for the developed filaments. 
 















To infer if the production of filaments occurred without significant changes in 
regarding to the diameter dimension, it was performed a series of 
measurements with a digital calliper to evaluate the diameters’ uniformity 
along the filaments’ length. Fifty measurements of the filaments’ section were 
performed at each 10 mm, and an average was calculated. 































DSC test was performed to understand the melting and crystallization 
behaviour of the different produced filaments and to compare the obtained 
information in regarding to thermal properties (e.g. degree of crystallinity, 
thermal transitions temperatures, and associated enthalpies) with the original 
material (polymer matrix and masterbatch). 
The degree of crystallinity was calculated by using equation 1, presented in the 
previous table. For each filament, two tests were performed, under a nitrogen 
atmosphere, with the Netzsch DSC 200 F3 Maia equipment and according to ISO 
11357. Additionally, all the samples pre-dried at 85ºC for 5 hours. 
The tests considered a first heating cycle, with a temperature range from 0 °C 
to 220 °C at a heating rate of 10 °C/min, to erase the thermal history of the 
samples. Next, a cooling step took place (from 220 °C to 0 °C at a heating rate 
of 10 °C /min), followed by a second heating cycle (from 0 °C to 220 °C at a 
heating rate of 10 °C/min) to record the melting thermogram. This analysis 
enables the evaluation of the thermal behaviour between several filaments. The 
sample mass for filaments were for the “Neat Formulation” 11,72 mg, for the 






















Thermogravimetric analysis was performed to evaluate the weight loss of the 
samples, as a function of a temperature increment, at a specific heating rate. 
The TGA also allows to infer the amount of fillers that are in the composition of 
the filaments and enable its functionality. 
The test was performed with a TA Q500 equipment from TA Instruments, a pre- 
dry was done at 85 °C for 5 hours. Testing conditions include an inert 
atmosphere based in nitrogen pumped with a flow rate of 60 mL/min for the 
sample and 40 mL/min for the balance). A heating rate of 10 °C/min with a 
temperature range from 30 °C up to 700 °C was considered for both filament 
samples. 




















An MFI test was performed to evaluate the processing properties of the 
filaments. The MFI test was performed with resources to an MFI Daventest 
equipment and in accordance with the international standard test norm 1133- 
1:2011(E). The produced filaments were first prepared into 5 mm length 
granules, and then pre-dried at 85 °C for 5 hours, previous to the test. 
Briefly, the principle of this test consists of the extrusion of material samples 
through a capillary, with specifying length and diameter and under defined 
temperature and load. In this case, the load considered for the extrusion 
process was 2,16 kg, and the processing temperature was 210 °C (value 
established considering the characterization tests previously done to the 
polymeric matrix). Samples rate collection was at each 5 s until the piston 









Tensile testing was performed on the filaments. The test was performed with 
an Instron 5969 Dual Column Tabletop Testing System, without extensometer, 
and in accordance with the test norm ASTM D638-1. Testing conditions include 
testing speeds of 5 mm/s; a load cell of 50 kN; and 45 mm of the gauge length. 



























An analysis of the filament morphology was performed with a transmission 
microscope Olympus BH2. The analysis proceeded with two magnifications 
10x2,5 and 20x2,5. 
The sample was first prepared with the aid of a glass knife along with the 
microtome, to have a film with 10 µm of thickness. The knife cut was made 
transversally. Next, the sample was embedded in Canada balsam to improve 
the optical quality of the sample for the microscopic analysis. This 
characterization is important for the understanding of the filler (from the 
masterbatch) distribution along the filament. 



















One filament sample for each mixing ratio with the thermochromic feature 
were prepared for the stimulation test presenting 50 mm length. Filaments 
were subjected to a freezer in order to accomplish the lowest temperature 
possible for 2 min. They were then removed from it and their colour 
development was recorded, in a room temperature environment, using a 
thermographic camera FLIR and a common photographic recording camera. 
The colour registration was done 




3.3.1. Compounding Definition 
Considering the primary purpose of this work, the development of a functional 
material for additive manufacturing, for a better comprehension of the thermochromic 
effect, a compounding strategy was defined. Two different mixing ratios were defined 
between the polymer matrix and the thermochromic masterbatch. Both mixing ratios 
are observable in Table 3.3. 
The first approach for the initial mixing was decided according to the 
masterbatch manufacturer’s suggestion. For the second mixing, an increasing to the 
double was considered in regarding to the thermochromic masterbatch. 
Additionally, a third ratio was also defined, only with the raw material matrix. 
This way, it is possible to evaluate and compare the effect of the addition of 
thermochromic material based on the polymer matrix material. 
The compounding process occurs in a volumetric dispenser attached to the 
extruder hopper, which was pre-programmed with the pre-defined mixing ratios. 
 




Ratio (wt % :wt %) 
(Polymeric matrix : additive) 
“Manufacturer Suggestion” 88,5 : 11,5 
“New Approach” 76 : 24 
“Neat formulation” 100 : 0 
 
 






In this phase, it is exposed a set of results and further discussion regarding to the 
material characterization. Thermal, physical and morphologic characterizations of both 
raw PLA and thermochromic masterbatch are presented and analysed. 
 
3.4.1. Differential Scanning Calorimetry (DSC) 
The DSC curve provided by the experimental test enables the observation of the 
melting thermograms for the material of the polymeric matrix and for the 
thermochromic additive used for the posterior mixtures. Figure 3.3 presents the DSC 
thermogram corresponding to the second heating cycle, which is representative of the 
thermal behaviour of the samples without the effects of processing. The first cycle 
erases the processing history, and the second cycle provides information about the 




















Figure 3.3 – DSC thermogram regarding the materials in study. 
 
In the curve corresponding to the thermochromic masterbatch, considering the 
first phase of the cycle, in the first transition order zone, it is observable some peaks in 
the temperature range of 20 °C and 40 °C. This could indicate the presence of a 
molecular loss form related to the presence of the pigments in the polymer matrix, once 
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transitions due to the temperature variation. Comparing with the raw material, in the 
curve are not presented peaks at the beginning of the second heating cycle, overall, the 
curve appears to be a typical semi-crystalline material. 
Regarding the temperature at which occurs the most significant molecular 
mobility, the melting temperature, it is noticeable a higher value for the temperature 
on the neat material 155,4 °C. The melting temperature of the thermochromic additive 
is 147,9 °C. It may be inferred that the PLA matrix from the masterbatch is different from 
the raw PLA (see Table 3.4). 









Raw PLA 61,2 155,4 19,56 
Thermochromic 
masterbatch 
54,8 147,9 18,03 
 
3.4.2. Thermogravimetric Analysis (TGA) 
From the following graphic (see Figure 3.4), it is shown a single step degradation 
curve, with an earlier weight loss sample is noticed between 150°C and 300 °C. Typically, 
in this temperature range, the mass loss verified is due to a loss of components of low 
molecular weight presents in the polymer, such as, volatile components, residual 















































The thermochromic masterbatch shows a value of 96,84 % for the weight loss, 
in this case only the masterbatch is observed, indicating a left-out residue originated 
from the degradation of the material which the constitution is different (see Table 3.5). 















334,81 351,16 96,84 3,16 
 
 
3.4.3. Melt Flow Index (MFI) 
The MFI experimental results, in Table 3.6, present a significant difference when 
compared with the datasheet value, provided by the manufacture. This may be 
explained by an error in the experimental conditions and considerations. Besides the 
dehumidification of the material, an average of six trials were done to validate the value 
showed next. 
Table 3.6 – Obtained results regarding the MFI of the raw PLA. 
 
Datasheet value 8 g/10min 




3.5.1. Equipment and processing aspects 
Filament extrusion was the process used for the correct filament development. 
The equipment used for this production was the Coperion ZSK 26 extruder presenting a 
twin-screw with a co-rotational movement. Equipment specifications are presented in 
more detail in the APPENDICES (2). 
The process parameters used for the filament production were the optimised 
values based in a pre-production experiment. This first experiment was to obtain a 
filament carried out with a diameter suitable for the material extrusion technique. Thus, 
the expected filament diameter should be 1,75 ± 0,02 mm. However, some parameters 
are defined initially, which are typical for all the processes independently of the filament 









Table 3.7 – Process parameters for the filament extrusion process. 
 
Condition (unit) Value 
Drying time (h) 5 – 6 
Material    
Drying temperature (°C) 85 
Screw Speed (rpm) 180 













3.5.2. Filament production 
The production of the three mixtures - “Manufacturer Suggestion”, “New 
Approach” and “Neat Formulation” was proceeded with the processing parameter 
mentioned before. For the process parameters affecting the diameter and ovality of the 
filament dimensions, an optimization of the rollers’ speeds at the cooling zone was 
necessary. Figure 3.5 shows the extrusion machine, on the left, and, on the right, 
presents the respective cooling zone with two roller speeds. 
 










For the initial optimization, “Neat Formulation” (based in raw PLA), was the first 
filament to be produced. Around 10 measurements were made with an interval of 1 
minute in order to observe the roundness of the filament and the respective diameter. 
The best relation between diameter versus roundness was accomplished with a first 
roller speed of 30,00 rpm and a second roller speed of 26,49 rpm. The same conditions 
were used for the filament production of the mixture “Manufacturer Suggestion”, 
obtaining similar diameter results. In regarding to the mixture “New Approach”, the 
diameter obtained at the same conditions was significantly lower, which lead to a new 
optimization of the roller speeds, with a result of 25,22 rpm for the first roller and 21,54 
rpm for the second one. Produced Filaments are showed in Figure 3.6. 
 
Figure 3.6 – Produced Filaments. 
 
Due to the way the cooling zone was set up, the filament diameter already 
suffers alterations on a geometry level, because the material does not contact at the 
same time in all of the surface in the water bath. This condition caused a filament with 
an oval geometry instead of a circular one by defect, not being possible to accomplish 
the same diameter through the transversal section of the filament. In Figure 3.7, it is 
possible to see the filament geometry with more detail. Nevertheless, the defect 
mentioned before is not entirely observable; a better perception is possible when 
measured the dimensions with a calliper. Besides the produced filaments presented in 
the next figure, a commercial filament is also present. The commercial filament is 
present to enable a visual comparison of the filament geometry. Figure 3.8 shows the 
filament extrusion in detail. 






   
 
Figure 3.7 – Filament geometry: a) from left to right, 1st filament (“Manufacturer Suggestion”), 2nd filament (“New 
Approach”), 3rd filament (“Neat Formulation”), 4th filament (“Commercial comparison”) | b) from left to right, 1st 
filament (“Neat Formulation”), 2nd filament (“New Approach”), 3rd filament (“Manufacturer Suggestion”), 4th 
filament (“Commercial comparison”). 
 
 
Figure 3.8 – Filament extrusion with detail of the extrusion die. 
 
3.5.3. Characterization of the filaments 
Regarding the filaments' characterization, the objective was to study the 
properties of the mixtures, and also to evaluate the influence of the masterbatch 
integration in the polymeric matrix. 
b a 





i. Dimensional control 
As mentioned in the topic Filament production, the dimensional control of the 
filament diameter was not accomplished as expected. It was decided to control the 
filament geometry as close as a diameter of 1,75 ± 0,05 mm. 
Following, the dimensional control was carried out by obtaining two dimensions 
in the transversal section of the filament, D1 being the largest and D2 the smallest (see 
Figure 3.9). In the diagram below it is possible to observe the location of these two 
dimensions. 
Where: 
▪ D1 is the dimension represented by 




Figure 3.9 – Schematic representation of the 
transversal section of the produced filament. 
 
In Figure 3.10 it is observable a practical example showing how the measures 
were proceeded through the filament. 
   
Figure 3.10 – Measurement of the dimensional filament control, (left – D1), (right – D2). 
 
Observing the average values presented in Table 3.8, for the filaments with the 
thermochromic masterbatch, values of 1,66 ± 0,04 – 1,60 ± 0,04 mm were obtained for 
the “Manufacturer Suggestion” and 1,66 ± 0,06 – 1,63 ± 0,04 mm for the “New 
Approach”. The measured values’ average and standard deviation appears to be similar. 
A more evident difference is observed for the filament dimension corresponding to the 
“Neat Formulation” with average values of 1,73 ± 0,02 – 1,65 ± 0,04 mm. From this 











adding the thermochromic masterbatch to the polymeric matrix, indicating a 
diminishing in the average material per section, thus the smaller dimensions. Table 3.8 
presents the average values of the dimensional control. 
 





(D1 – D2) 
“Manufacturer Suggestion” 1,66 ± 0,04 – 1,60 ± 0,04 
“New Approach” 1,66 ± 0,06 – 1,63 ± 0,04 
“Neat Formulation” 1,73 ± 0,02 – 1,65 ± 0,04 
 
 
ii. Differential Scanning Calorimetry (DSC) 
Regarding the DSC thermogram (see Figure 3.11), for the filament samples, the 
plot curves present the same shape and similar peaks. After the transformation of the 
raw PLA in a filament form, glass transition temperature remains the same, and a 2 °C 
difference is observed regarding the melting temperature. The reprocessing of the 
material did not affect the specific temperatures, however, for the melting enthalpy, a 
larger area is noticed in the material after the processing which is indicative of a higher 
degree of crystallinity, pointing to a molecular structure more aligned and regular 
through the molecular chains. This organization had origin in the second heating process 
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Regarding the filament with the mixture “Manufacturer Suggestion”, peaks on 
the first transition phase, are also observed. Its presence could validate the presence of 
additives in the molecular structure due to the verification in the granular form, as 
mentioned before. Regarding the melting enthalpy, both areas above the melting peak 
are close revelling similar degrees of crystallization, 27,68 % for the mixture 
“Manufacturer Suggestion” and 25,58 % for the mixture “New Approach”. For the glass 
transition temperature, a small difference is observed for the different mixtures, 57,6 °C 
for the “Manufacturer Suggestion” mixture and 57 °C for the “New Approach”. 
Comparing all the filaments with the addition of masterbatch, the value of the glass 
transition temperature decreases, which indicates an influence in the chain mobility. In 
another aspect, for the melting temperature with the addition of the masterbatch, a 1 
°C of disturbance is observed, in comparison to the “Neat formulation”. 
 
Table 3.9 – DSC plot results in regarding to the produced filaments. 
 






















“New Approach” 57 152,3 25,58 
 
 
iii. Thermogravimetric Analysis (TGA) 
Concerning the plot from the graphics, in Figure 3.12, it is observable a single 
step degradation curve, which differs at the beginning of the samples weight loss. 





























Figure 3.12 - TGA Thermogram. 
 
In respect to the TGA curves, the onset temperature represents the beginning of 
the thermal degradation. It is noticeable a considerable weight loss from the original 
mass of material from this point. Comparing the filament samples with the masterbatch 
addition, the temperature only differs in approximately 1 °C, assuming a value of 335,54 
°C for the “Manufacturer Suggestion” filament and 336,49 °C for the “New Approach” 
filament. This could be interpreted as a variation in the experimental test, since 
atmosphere effects or secondary reactions, indicating similar influence when adding a 
larger quantity of masterbatch. For the “Neat Formulation” filament, the beginning of 
the degradation starts at an early temperature (333,41 °C). Similar behaviour is 
observed for the masterbatch 334,81 °C. At the end of the test, the weight loss observed 
for the filaments was larger for the “Neat formulation” filament, assuming a value of 
98,65 %. Following is the “Manufacturer Suggestion” filament with a total weight loss of 
98,40 % and the “New Approach” filament with 98,12 %. The “Neat formulation” 
filament was the material that presented the largest weight loss and the least left out 
residue. Since this material has no masterbatch added, in this case, the remaining 
residue is a product of the rupture of the polymer chains. Commonly, for polymeric 
materials the degradation occurs until the remaining residue is carbon. However, in this 


























done with an inert atmosphere. For a better quantity analyses a change of the 
atmosphere should be done at 500 °C. When observing above 600 °C, the presence of 
material at such high temperature values, for polymeric materials, is usually an 
indicative of residue. The residue is commonly associated with the presence of inorganic 
compounds, since the loss of components of low mass component and the volatile 
products already occurred at lower temperatures. Regarding the filaments with the 
masterbatch addition, the sample weight lost was lower, 98,40% for the filament 
“Manufacturer Suggestion” and 98,12% for the “New approach”. Comparing both, the 
weight lost is lower in the filament which has the increased quantity of masterbatch, 
indicating a possible presence of more inorganic compounds. 
Regarding the DTG curve or the derivative of the TGA curve, presented in the 
Figure 3.13 it is visible a higher peak, for the “New Approach” filament. On the contrary, 
the lowest peak is represented by the masterbatch sample. The peak for the “Neat 
formulation” filament is observed between the peak corresponding to the filament 
“Manufacturer Suggestion” and the peak corresponding to the thermochromic 

































































































































iv. Melt Flow Index (MFI) 
The results for the MF test are presented in Figure 3.14. Regarding the results, 
the produced filaments with the addition of thermochromic masterbatch, present a 
decrease of the value of MFI, which could indicate that this masterbatch diminishes the 
molecular mobility. For the “Neat Formulation” filament, the value is 11,15 ± 0,01 
g/10min. However, increasing the dosage of the masterbatch did not induce a significant 

















































v. Tensile Testing 
For the mechanical testing, filaments were subject to a tensile test for a better 
evaluation of the processing effect. The tensile curves presented in Figure 3.15 are 



















Figure 3.15 – Average Stress-Strain Curve. 
 
In general, differences in the shape of the curve are visible indicating different 
mechanical properties among the manufactured filaments. The “New Approach” 
filament presents a larger strain before breaking. Contrarily, the filament which has the 
lowest strain is the “Manufacturer Suggestion” filament. Based on the presented chart, 
it is possible to indicate that the masterbatch addition has an effect on the mechanical 
behaviour.  
Regarding the Young’s modulus (see Figure 3.16), the values are quite close 
between all the tested materials. However, the standard deviation appears with higher 
values indicating a significant discrepancy between the values. The deviation in the 
Young’s modulus may be due to the difficulty of griping the filament edges to the tensile 
testing machine. Over all it is observed a higher value for the “New Approach” filament 
(1547,12 ± 272,74 MPa), while for the “Manufacturer Suggestion” filament a similar 
value is observed (1525,53 ± 229,98 MPa). These values demonstrate that the 
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“Neat Formulation” filament has the lowest value, 1478,85 ± 164,65 MPa. Figure 3.16 
presents a chart with the average values and standard deviation for each filament 
















Figure 3.16 – Young's Modulus of produced filaments. 
 
Considering the yield stress property, it was verified a decrease when adding the 
thermochromic masterbatch to the polymeric matrix filament. The “Neat Formulation” 
presented a yield stress of 59,05 ± 0,60 MPa, while the “Manufacturer Suggestion” 
filament presented a value of 47,45 ± 2,17MPa, and finally, the “New Approach” 
filament presented a value of 45,64 ± 0,42 MPa. These values are indicative of an 
alteration in the material structure, which affects the material mechanical behaviour. 
There is a decrease in the value when the masterbatch is added, indicating a lower 



















































Figure 3.17 – Yield Stress of produced filaments. 
 
Similar values, when it comes to the tensile strain at yield point, are observed 
for the filaments with the thermochromic masterbatch. In general, the tensile strain at 
yield point is lower for the “New Approach” filament (2,9 ± 0,50 %) following the values 
of the tensile stress at break. “Manufacturer suggestion” filament presents a value of 
3,65 ± 0,83 % and the “Neat Formulation” filament presents 4,14 ± 0,83 %. Figure 3.18 

















Figure 3.18 – Tensile strain at Yield Point for produced filaments. 
 
In regarding to the tensile strain at break (see Figure 3.19), similar results are 
obtained for the produced filament named “Manufacturer Suggestion” (5,00 ± 1,07 %) 
and “Neat Formulation” with a value of 5,55 ± 0,57 %. However, when adding more 



















































thermochromic masterbatch (“New Approach” filament), an increase is observed, 5,85 


















Figure 3.19 – Tensile Strain at Break for the produced filaments. 
 
Lastly, observing the tensile stress at break, in Figure 3.20, similar results are 
obtained for the “Manufacturer Suggestion” filament (47,46 ± 2,17 MPa) and for the 
“New approach” filament (45,64 ± 0,42 MPa). These values are lower when comparing 
with the “Neat Formulation” filament (59,04 ± 0,59 MPa), indicating a need of more 







































































In conclusion, the addition of the masterbatch slightly changes the mechanical 
properties of the polymeric matrix. However, in regarding to the addition of different 
amounts of thermochromic masterbatch, the differences are very small. 
 
vi. Microscope Analysis 
Considering the optical analysis done via an optic microscope, it was observed, 
for the magnification of 10 x 2,5 µm, a uniform circular disposition of circular dots for 
the “Manufacturer Suggestion” filament (see Figure 3.21). Observing the other filament, 
“New Approach”, the distribution and the dispersion of the circular dots is more 
homogeneous which could indicate that these dots represent the pigment present in 
the thermochromic masterbatch. 
 
 
“Manufacturer suggestion” “New Approach” 
Figure 3.21 – Microscopic images with a magnification of 10 x 2,5 µm of the produced filaments. 
 
A higher magnification (20 x 2,5 µm) was considered to visualize more precisely 
the presence and distribution of the dots. Similar to the previous magnification, the 
distribution and dispersion of the dots are better in the “New Approach” filament. From 
this observation it is possible to indicate that the masterbatch and the polymer matrix 
mixture occurred without large changes. Figure 3.22 shows the microscopic images with 













“Manufacturer Suggestion” “New Approach” 
Figure 3.22 – Microscopic images with a magnification of 20 x 2,5 µm of the produced filaments. 
 
vii. Stimulation testing 
The evaluation of the colour change proceeded in this experimental phase; 
colour changes occur when there is an increase in the material temperature above or 
below the activation temperature. With this particular masterbatch integration, the 
material presents three colour changes. A transition from a reddish colour to white 
colour for temperatures between 20 and 45 °C, another particularity is when submitting 
the material to low temperatures, i.e. 15 °C, the colour comes back to purple. The colour 
changes as revertible conditions, due to the dual change that happens when altering the 
colour several times. 
Figure 3.23 shows a series of images that represent the recording cycle of 
pictures, with an interval of 10s, with a thermographic camera and a common camera. 
In each image, two filaments are presented. The first filament (left) corresponds to the 
“Manufacturer Suggestion” mixture, while the second filament (right) corresponds to 
the “New Approach” mixture. 
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Figure 3.23 – Photographic registry of the colour change with temperature variation, for the produced filaments. 
 
In general, for both filaments, the increase of the colour masterbatch does not alter 
significantly the process of colour change. When the temperature range is identical, the 
colour observed also is. However, the duration of colour appears to be more precise 
when the additive is increased. These tests were done at the same conditions of 
temperature and humidity but, in the case of the “New Approach” filament, the heating 
distribution in the material appears more evident resulting in larger colour duration 
when comparing to the “Manufacturer Suggestion” filament. 
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4. Case Study – Prototype Development 
 
This chapter presents a case study which focuses the development and 
production of a prototype in parallel with testing procedures. The case study is crucial 
to better understand functional features on a post-production part for material 
extrusion technique. 
 
Part geometry – Definition & Design 
The geometry selected for this case study is a cup sleeve which has the purpose 
of enabling the understanding on how the material behaves with the user contact and 
other situations that generate temperature alterations. It is crucial to analyse the colour 
propagation, fastness of colour change (speed of response) and part quality since it is 
one of the primary purposes of this dissertation. Therefore, the geometry defined was 
a cup sleeve that would be around a standard glass cup. The cup was chosen with the 
purpose of insertion of a liquid which would transfer its temperature to the sleeve 
around it, being possible the study of the temperature influence on the part. The 
geometry part, presented in Figure 4.1, has the following dimensions: 10 mm of height, 
55 mm of diameter and a thickness of 2 mm. The technical drawing is available in 
APPENDICES (3). 
 
Figure 4.1 – Geometry representation of the sleeve to produce (left image) for the selected cup (right image). 
 
Fabrication aspects 
Before the fabrication process, it was necessary to define what equipment would 
be used for the additive manufacturing process along with the decision of what would 
be the most suitable process parameters to correspond to the needs. This study was 













for PLA, because it is the polymeric matrix of the functional materials previously 
developed. 
 
4.2.1. Equipment & Processing parameters 
For the production of the parts to study, the equipment used was the Roboze 
One +400 extreme with the Simplify 3D software. The choice was made considering 
equipment availability, and also by being an open-source system. 
Since the purpose of this production is to study the behaviour of the material to 
temperature fluctuations, as well as the optimization of the production process, the 
processing parameters choice needed to meet these requirements. In material 
extrusion, factors related to extrusion of the material, such as chamber, extruder and 
deposition aspects are crucial to achieve a part with the intended quality. However, as 
there are many factors affecting the properties of a part produced by material extrusion, 
it was necessary to select only three factors for study development so that the 
experiments would be more specific and targeted. 
Extrusion temperature, infill density and extruder speed were the chosen 
parameters to study and optimized through the evaluation of the part. To minimize the 
number of experiments it was considered an experimental design approach, namely, 
Taguchi method, where a minimum orthogonal array was selected – L9. This specific 
array culminates the understanding of the effect of three factors independently chosen, 
which for this case would be extrusion temperature, infill density and extruder speed, 
with three different levels associated. In the end, are a set of 9 experiments made for 
each of the previously produced filaments [107]. 
For extrusion temperature, the values assumed included 190 °C for the lowest 
level. This value was 10 °C higher from the one considering the extrusion temperature 
of the PLA material, recommended by the manufacturer of the AM equipment. In the 
middle level, the defined temperature was 210 °C, since it is a standard extrusion 
temperature for PLA filaments commercially available. Lastly, for the upper level an 
increase of 10 °C was made in order to have an extremer value. 
Considering the infill density, the level choice was made in order to understand 
if the part would have a significant influence in the temperature transmission through 
the geometry density; thus 25 %, 50% and 100 % as infill density were the defined values. 





Finally, for the extrusion speed head, the values decided were only closed according to 
with the production of the parts. Pre-tests were done considering 20 mm/s, 40 mm/s 
and 60 mm/s as extrusion speed and, according to the results, an optimization could or 
not be made for new levels as 40 mm/s, 60 mm/s, and 80 mm/s. 
The set of factors and respective levels according to the array L9 from the 
Taguchi’s Diagram, generates the experimental plans presented in Table 4.2. 
 







Infill density (%) 
Speed of the extruder 
head (mm/s) 
1 190 25 40 
2 190 50 60 
3 190 100 80 
4 210 25 60 
5 210 50 80 
6 210 100 40 
7 220 25 80 
8 220 50 40 
9 220 100 60 





In regarding to the process parameters that were considered fixed values, its 
definition was made considering literature review. In Table 4.3, are presented the most 
relevant process parameters considered. 
 




Software program Simplify 3D 
Drying time (h) 2 
Material    
Drying temperature (°C) 40 
Nozzle Diameter (mm)  0,40 
Support No support 
 
Equipment Raft No raft 
 
 
Fill Pattern Rectilinear 
Bed Temperature (°C) 30 
4.2.2. Part production 
Part production occurred after the transformation of the 3D design into a STL 
file. All the parts were predisposed in the production sheet as showed in Figure 4.2. The 
first line corresponds to the parts with an extrusion temperature of 190 °C. The following 
line corresponds to an extrusion temperature of 210 °C and, finally, the last line of parts 
corresponds to the extrusion temperature of 220 °C. Notice that the following figure 
only aims to present in which position of the building sheet and building chamber the 
parts were manufactured, for each particular temperature building processing. 
190 °C 
Figure 4.2 – Building plate of the Simplifier 3D software. 
220 °C 
210 °C 





Considering the first experimental approach, the part produced at 20 mm/s 
independently of the other factors, it was noticed that the production was not adequate. 
It was observed that the extruder head would deposit material as droplets, not being 
able to form a concise layer. Before abandoning this processing parameter, a verification 
of the extruder head and an equipment calibration were taken into account since the 
defects could be due to other factors. 
Experimental approach number 2 occurred without significant fluctuations; the 
problem verified through the production was that the equipment indicated the 
detection of broken filament in every filament. However, after visual verification, it was 
noticed that the filament was not broken. The variation in terms of filament diameter 
across its length could be the possible cause for such notification. 
It is also important to notice that every filament had the same dehumidification 
conditions (time and temperature) previous to the production. Regarding the filament 
“Neat Formulation”, after the initial purge it was still verified the presence of bubbles. 
This factor is common when the material is not adequately dried. Therefore, more time 
in the dehumidification oven was considered, since 1 to 2 hours at 40 °C, until the purge 
appeared with a filament without significant bubbles. 
Finally, considering the temperature parameters and the infill percentage, it was 
not verified any alteration through the process of part production that influenced these 
parameters. 







Figure 4.3 – Prototype production: detail of the extrusion head (left image) and manufactured parts still attach to 






In this phase, it is presented the study of the material thermochromic feature, 
and also an investigation around the processing parameters influences on the surface 
quality of the part and, consequent adhesion between layers. 
Stimulation testing was first made with both cold and hot end temperatures in 
order to understand colour propagation, in terms of speed and intensity, along with a 
comparison between the different mixtures: “Manufacturer Suggestion” and “New 
Approach”. The visual evaluation of the surface of the part provides useful information 
for the process of part production optimization, as well as, the verification of possible 
defects. 
 
4.3.1. Stimulation testing 
As mentioned before, in this phase, it will be evaluated colour propagation, 
fastness and change, along with a comparison between the different mixtures, in 
regarding to the produced parts. A cold environment was used, utilizing the liquid at 15 
°C and a hot environment was used to test a condition with higher temperatures with 
a liquid at 35 °C. The surface observation will enable to understand how parameters 
affect the part performance and provide useful information for the optimization of 
processing parameters. 
Considering the first extrusion temperature, 190 °C (see Table 4.4), the most 
intense purple colour observed was verified for the part with 50 % of infill and 60 mm/s 
of head extrusion speed for the “Manufacturer Suggestion” filament. Considering the 
 
 




“New Approach” filament, the most evident purple colour corresponds to the 
conditions of 100 % of infill and 80 mm/s of head 









extrusion speed. Colour spreading from video observation appears to be the same for all 
the parts. 
 
Table 4.4 – Photographic registry of the stimulation testing for the parts obtained with an extrusion temperature of 
190 °C. 
 
   Processing conditions  
 Time 
(s) 
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Considering the produced parts with an extrusion temperature of 210 °C, 
presented in Table 4.5, for the first filament used, the colour change speed, spreading 
and intensity appears to be the same. No significant changes were noticed. Following 
the “New Approach” filament, it is observed a spreading and fastness much lower when 
comparing the colour change. The final colour at the 120 seconds instant is more reddish 
than the colour observed in the filament “Manufacturer Suggestion”, which may 
indicate different material temperature, not accomplishing the temperature of 15 °C at 
that time. Considering the condition 50 % as infill and 80 mm/s as extrusion speed, for 
the “New approach” filament, the resulting part appears to gain a purple colour at the 
geometry extremities, at the 120 s instant, indicating a possible fastness of colour 
change when comparing with the others where is not observed this colour at the 
extremities. 
 
Table 4.5 – Photographic registry of the stimulation testing for the parts obtained with an extrusion temperature of 
210 °C. 
 
   Processing conditions  
 Time 
(s) 












































     



















For the extrusion temperature with the highest value, 220 °C, the results are 
presented in Table 4.6. The speed of colour change was greatest for the processing 
conditions of 50 % infill and 40 mm/s as extrusion speed. In regarding to the other parts, 
the colour intensity is similar. It was verified that, for both cases, a more prominent line 
in the middle part of the geometry, spreading also happened equally. For the New 
Approach” filament, in general, it appears with a less intense colour during the whole 
experiment. Colour change spread and speed occurs faster at the middle processing 
conditions (220 °C, 50 %, 40 mm/s), and the final colour is more intense. Following the 
part with the most evident colour change t is the part with the processing conditions of 
25 % of infill and 80 mm/s as extrusion speed. 
 
Table 4.6 – Photographic registry of the stimulation testing for parts obtained with an extrusion temperature of 220 
°C. 
 
   Processing conditions  
 Time 
(s) 


















   




































After the testing for the lowest temperature (15 °C), the experiments with higher 
temperature (35 °C) took place at the same environmental conditions than the previous. 
In this case, the colour change occurs faster so the window of time observation is 
diminished. 
Regarding the 190 °C, as extrusion temperature (see Table 4.7), both filament 
approaches present the same colour change speed and spreading. Comparing both 
filaments, the colour showed after the transition, for the “New Approach” filament, 
appears with a slightly darker colour. Correlating the colours between the same time for 
different colour conditions, a similarity is observed. 
 
 
Table 4.7 – Photographic registry of the stimulation testing for the parts obtained with an extrusion temperature of 
190 °C, higher temperature testing. 
 
  Processing conditions  
Time 
(s) 
190 °C 25 % 40 
mm/s 
190 °C 50 % 60 
mm/s 
























































Considering the middle temperature level, presented in Table 4.8, colour 
transition and speed is the same between both filament types, thus the colour is similar 
between them. It was observed a darker colour at 30 s for the third processing 
conditions. Equally, at the same time, it was also verified a similar behaviour for the 
filament “New Approach”. 
 
Table 4.8 – Photographic registry of the stimulation testing for the parts obtained with an extrusion temperature of 





210 °C 25 % 60 
mm/s 
210 °C 50 % 80 
mm/s 























































































Lastly, analysing the processing conditions for the last temperature level (see 
Table 4.9), colour change speed is similar for both filament types. A darker colour was 
observed at 30 s of time, when comparing the parts made with the “New Approach” 
filament with the parts made with the “Manufacturer Suggestion” filament. In general, 
the colour is more evident at a zone with a specific line which would possible be to the 
more material presence once is where the extruder head stops to go to the other zone 
of the geometry part. 
 
Table 4.9 – Photographic registry of the stimulation testing for the parts obtained with an extrusion temperature of 
220 °C, highest temperature. 
 
   Processing conditions  
 Time 
(s) 
220 °C 25 % 80 
mm/s 
220°C 50 % 40 
mm/s 











































































4.3.2. Surface analysis 
To have a better understanding of the best conditions, for the obtaining of a part 
with good quality and corresponding to the wanted features, an observation of the part 
surface was performed by using a stereoscopic Leica magnifier DMS 1000. The part 
observation was done at two magnifications 0,75x and 1,25x. For every produced part, 
besides the observation, a comparison between them was made which will be 
presented next. In every piece, it was observed a prominent line in the superior level. 
This line is the transversal observation of the building sheet, where the geometry is 
produced. Although the efforts, it was not possible to entirely remove the building sheet 
in all parts without compromising the final finishing. 
In a general observation of the filaments with the masterbatch addition, no 
significant changes were noticed on a surface level. However, a change was noticed 
corresponding to a different colour pattern between the parts. 
In Figure 4.4 it is visible that the part colour is more intense in the lower section 


























Figure 4.4 - Part produced at 190 °C of extrusion temperature, density infill of 25 % and an extruder head speed of 
40 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
In regarding to the part with 50 % of infill and an extruder head speed of 60 
mm/s, presented in Figure 4.5, the deposition and adhesion appear uniform, as well as, 
the colour distribution. A more evident section is observed thought the part length, 
which is associated to the path that the extruder head does during the part production. 
 
 
Figure 4.5 - Part produced at 190 °C of extrusion temperature, density infill 50 % and an extruder head speed of 60 
mm/s. Magnifications: 0,75x left and 1,25x right. 





The last produced part (Figure 4.6), with an extrusion temperature of 190 °C, 
presents a colour gradient more evident, when compared to the first part analysed. 
 
 
Figure 4.6 – Part produced with 190 °C of extrusion temperature, density infill of 100 % and an extruder head speed 
of 80 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
At 210 °C, in the first condition, presented in Figure 4.7, the part appears to present 
a uniform adhesion and deposition. It also presents a significant glow that could be do 
due moisture presence. 
 
Figure 4.7 – Part produced at 210 °C of extrusion temperature, density infill 25 % and an extruder head speed of 60 
mm/s. Magnifications: 0,75x left and 1,25x right. 
 
In Figure 4.8, it can be noticed that adhesion and deposition are also uniform 
however, in this part, it is also observed a clear part with different adhesion and 
deposition that represents the zone where the extruder head stops for a small fraction 
of time in every layer formation, returning after for another layer formation. 







Figure 4.8 – Part produced 210 °C of extrusion temperature, density infill of 50 % and an extruder head speed of 80 
mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Regarding the part presented in Figure 4.9, in terms of adhesion and layer 
deposition, the appearance is good. The only aspect that is detectable is the extra visible 
glow which could be due to moisture presence. 
 
Figure 4.9 – Part produced at 210 °C of extrusion temperature, density infill 100 % and a extruder head speed of 40 
mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Increasing the extrusion temperature and the extruder head speed (see Figure 4.10), 
it is also observed a colour gradient. Deposition of filament appears to be uniform 





however, the adhesion between the layers does not appear to have the same quality as 
for the other parts. 
 
Figure 4.10 – Part produced with 220 °C of extrusion temperature, density infill of 25 % and an extruder head speed 
of 80 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
In Figure 4.11, it is also visible a significant colour gradient and a specific glow. In 
terms of filament deposition and adhesion apparently is good when comparing with the 
other produced parts. 
 
Figure 4.11 – Part produced with 220 °C of extrusion temperature, density infill of 50 % and an extruder head speed 
of 40 mm/s. Magnifications: 0,75x left and 1,25x right. 





In the part presented in Figure 4.12 it is also possible to verify the glow that could 




Figure 4.12 – Part produced with 220 °C of extrusion temperature, density infill of 100 % and an extruder head 
speed of 60 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Considering the parts produced with “New Approach” filament, the analysis is 
exposed in the following figures. All the samples were observed at the same 
temperature conditions as the previous ones. 
In Figure 4.13, the colour gradient is not so evident when compared with the part 
with the other filament type. However, at the same conditions, but with the other 
filament type this colour change are not verified. Filament deposition and adhesion 
between layers present to be similar and are good. 
 
Figure 4.13 – Part produced with 190 °C of extrusion temperature, density infill of 25 % and an extruder head speed 
of 40 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Regarding Figure 4.14, the dots observed possibly are impurities that were 
present in the filament at the time production. Regarding adhesion and deposition, the 





behaviour is the same, when compared to the part at the same processing conditions 
but with the “Manufacturer Suggestion” filament. Colour gradient and glow appears to 
be more evident in the presented part. 
 
Figure 4.14 – Part produced with 190 °C of extrusion temperature, density infill of 50 % and an extruder head speed 
of 60 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
For the part (see Figure 4.15) with the highest infill percentage (100 %) and 
extruder head speed (80 mm/s), it is visible a colour gradient more evident in one zone. 
In this case, the part does not present a smooth surface, when comparing with the other 
parts, which could indicate poor deposition layer and adhesion. 
 
Figure 4.15 – Part produced with 190 °C of extrusion temperature, density infill of 100 % and an extruder head 
speed of 80 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
In this case (see Figure 4.16), the part does not present an evident colour 
gradient, when compared with the other part, at the same process conditions, with the 





“Manufacturer Suggestion” filament. In terms of layer deposition and adhesion, it 
appears to be the same. It also presents a visible a glow moisture. 
 
Figure 4.16 – Part produced with 210 °C of extrusion temperature, density infill of 25 % and an extruder head speed 
of 60 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Considering the part with the highest extruder head speed, in Figure 4.17, the 
glow is also observed along with a little gradient of colour that is visible at the lower 
middle area. 
 
Figure 4.17 – Part produced at 210 °C of extrusion temperature, density infill 50 % and a extruder head speed of 80 
mm/s. Magnifications: 0,75x left and 1,25x right. 
 
In regarding to the part presented in Figure 4.18, layer deposition and adhesion 
appear to be of quality. A small impurity and a little colour gradient were also verified. 









Figure 4.18 – Part produced with 210 °C of extrusion temperature, density infill of 100 % and an extruder head 
speed of 40 mm/s. 
 
Considering the part obtained with the highest extrusion temperature (220 °C), 
the colour gradient presented in Figure 4.19 is less intense and a little glow is observed. 
Also, an area with less colour uniformity is also noticeable. 
 
Figure 4.19 – Part produced at 220 °C of extrusion temperature, density infill 25 % and an extruder head speed of 80 
mm/s. Magnifications: 0,75x left and 1,25x right. 





Regarding Figure 4.20, the colour alteration is more evident in the middle section 
and glow is also observed. In terms of comparison this part appears to have more 
uniformity in an overall view regarding “Manufacturer Suggestion” filament. 
 
Figure 4.20 – Part produced with 220 °C of extrusion temperature, density infill of 50 % and an extruder head speed 
of 40 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
For the part, in Figure 4.21, with highest infill, the colour gradient observed is not 
that present, however, glow is verified similar to the part at the same test conditions, 
but with a different filament mixture. 
 
Figure 4.21 – Part produced at 220 °C of extrusion temperature, density infill 100 % and an extruder head speed of 
60 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Regarding the parts with the “Neat Formulation” filament, which are composed 
by only PLA and no masterbatch, all parts present moisture thus, with the higher 
magnification, little circular forms between the layers are visible. It is important to 
notice that, in this case, the parts were not subject to the stimulation testing thus, the 
presence of moisture is not related to the test. 





For the lowest extrusion temperature filament, in Figure 4.22, the adhesion 
between layers is not so evident. Little gaps may be observed and colour gradient is not 
evident. 
 
Figure 4.22 – Part produced with 190 °C of extrusion temperature, density infill of 25 % and an extruder head speed 
of 40 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Considering 50 % of infill density, in a small upper section, the adhesion between 
layers is less precise. With a higher magnification it is possible to notice the presence of 
gaps (see Figure 4.23). 
 
Figure 4.23 – Part produced at 190 °C of extrusion temperature, density infill 50 % and an extruder head speed of 60 
mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Considering Figure 4.24, it is observable a good layer deposition. In regarding to 
the colour gradient, the middle section of the part appears to be have more 
2 mm 








Figure 4.24 – Part produced with 190 °C of extrusion temperature, density infill of 100 % and an extruder head 
speed of 80 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Considering the extrusion temperature of 210 °C (see Figure 4.25), the layer 
appears to be more concise in the upper section, however, small gaps are visible, 
especially in the middle section. 
 
Figure 4.25 – Part produced with 210 °C of extrusion temperature, density infill of 100 % and an extruder head 
speed of 40 mm/s. Magnifications: 0,75x left and 1,25x right. 





For this temperature (see Figure 4.26) it is observed larger points in the middle 
of the layers. In this case, it was difficult to focus the image due to the reflection and the 
shape of the part. 
 
Figure 4.26 – Part produced with 210 °C of extrusion temperature, density infill of 25 % and an extruder head speed 
of 60 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
In Figure 4.27, the gaps between layers are more evident in the lower section of 
the part. A darker colour is more prominent in the middle section of the figure with 
larger magnification. 
 
Figure 4.27 – Part produced with 210 °C of extrusion temperature, density infill of 50 % and an extruder head speed 
of 80 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Considering the higher extrusion temperature, 220 °C, in Figure 4.28, gaps 
between layers are evident. This aspect is an indicative of a poor adhesion between 








Figure 4.28 – Part produced with 220 °C of extrusion temperature, density infill of 50 % and an extruder head speed 





In Figure 4.29, moisture content is observable in the lower section of the part. 
Transparency is also observable in the middle section of the part. Adhesion between 
layers is better in the upper section. 
 
Figure 4.29 – Part produced with 220 °C of extrusion temperature, density infill of 100 % and an extruder head 
speed of 60 mm/s. Magnifications: 0,75x left and 1,25x right. 
 
Considering every part produced at 220 °C, in this case Figure 4.30, the adhesion 
between layers appears better since the presence of gaps is lower, however, moisture 
is still present. Colour gradient shown in Figure 4.30 is more uniform however, the 





surface does not present smoothness when comparing with the other parts presented 
in Figure 4.28 and Figure 4.29. 
 
Figure 4.30 – Part produced with 220 °C of extrusion temperature, density infill of 25 % and an extruder head speed 
of 80 mm/s. Magnifications: 0,75x left and 1,25x right. 






5. Conclusion and Future Work 
 
Through this dissertation it was possible to develop a functional material to be 
used in additive manufacturing technology, in particular material extrusion, and for the 
posterior development of the case study. 
The selection of the functional material was accomplished after an intense 
market and theoretical investigation, resulting in a material additive that would present 
thermochromic properties and a PLA polymer matrix to the compound. This 
masterbatch purchase to Donna Polymer was presented as a material, compatible with 
PLA, which presents colour changes. At low temperatures, from 15 °C, the material 
assumes a purple colour while at higher temperatures, between 20 °C and 31 °C, the 
material presents a red colour. Above this last temperature, the masterbatch assumes 
the colour of the polymeric matrix used. In order to understand the material thermal 
and physical properties, DSC, TGA and MFI were the tests performed. Thermal analysis 
indicates a higher degree of crystallinity for the neat material comparatively to the 
thermochromic masterbatch, 19,56 % and 18,03 %, respectively. DSC tests also show 
similar glass transition temperature of 61,2 °C – 54,8 °C and melting temperatures of 
155,4 °C – 147,9 °C, respectively. Considering the physical properties tested, by melt 
flow index analysis, the experimental value obtained for purchased PLA was 15,09 
g/10min, which is a value considerably higher for a material used for extrusion. The 
results obtained were considered for filaments production. 
Considering the filament production for AM, the process occurred without 
significant problems. However, although the rollers’ speed was optimized during 
compound process, the obtained diameter presented significant fluctuations which did 
not correspond to the expected tolerance 1,75 mm ± 0,05 mm. The cooling process of 
the extruded filament had significant influence once the filament was not cooled at the 
same time. Rollers present in the line also affected, since the calibration was not the 
best. It has also verified an increase in the viscosity when producing the filament with a 
higher amount of masterbatch. 
Regarding the characterization methods done to the produced filaments, for 
thermal properties, similar glass transition and melting temperatures are noticed. For 





the filaments with the thermochromic feature, the degree of crystallization is higher for 
the “Manufacturer Suggestion” filament. Considering TGA analysis, filler content is 
higher for the filament with the more considerable amount of masterbatch as expected. 
Concerning degradation temperatures, values appear to be similar between the 
produced filaments. 
The mechanical properties of the polymeric matrix are not much affected by the 
masterbatch addition, however a rigidity increase was noticed in the “Manufacturer 
Suggestion” filament, when compared with the “Neat Formulation” filament. In another 
aspect, the addition of more masterbatch increased the mechanical properties when 
compared with the “Manufacturer Suggestion” mixture. 
Microscope analysis indicated an even distribution between the dots that 
appeared to be thermochromic masterbatch. More quantity in the transversal cut is 
observed, regarding the filament with the “New Approach” formulation. 
Finally, to finish the characterization study from the produced filaments, 
stimulation tests were performed. The results confirmed the colour shifting at the 
specific temperatures and also there is not much influence on the increasing of 
masterbatch in terms of colour spreading or higher pigmentation. It is only observed by 
thermogravimetric record a significant capacity from the “New Approach” filament to 
maintain the acquired colour which could indicate a better retain of the temperature. 
After the investigation made regarding the obtained material, a prototype part was 
produced by material extrusion AM technique for the evaluation of the thermochromic 
feature in a post-production part and a process optimization was made. 
Considering stimulation testing, more significant alterations were demonstrated 
in the “cold” experiments. For part produced with “Manufacturer Suggestion” filament, 
the part with the most pigmentation for every extrusion temperature were with the 
following processing conditions: 190 °C – 50 % – 60 mm/s, 210 °C – 100 % – 40 mm/s, 
220 °C – 50 % – 40 mm/s. Considering the “New Approach” filament the processing 
conditions were: 190 °C – 100 % – 80 mm/s, 210 °C – 25% – 60 mm/s and 220 °C – 50% 
– 40 %. The parts mentioned before appear to present a faster response to colour 
change. For “hot” experiences the final colour, for the two higher temperatures, is 
darker (especially for 220 ° C). However, the colour shifting and stabilization occurs 
apparently at the same time. 





In relation to surface analysis, almost in every material is observed moisture, however 
is more evident in the material with the “Neat Formulation” indicating a possible 
permeabilization as a characteristic form the thermochromic masterbatch. In respect to 
the parts with a more uniform surface, for each extrusion temperature are, respectively 
for “Manufacturer Suggestion” filament; 190 °C – 50 % – 60 mm/s, 210 °C – 25 % – 60 
mm/s. Considering “New Approach” filament the parts were: 190 °C – 50% – 60 mm/s, 
210 °C – 25% – 60 mm/s, 220 °C – 100 % – 60 mm/s. Finally, for the “Neat Formulation”; 
190 °C – 100 % – 80 mm/s, 210 °C – 100 % – 60mm/s and 220 °C – 100% – 60 mm/s. 
Regarding process optimization, the part which presents the purple colour with 
more intensity and, the best surface appearance is the part presenting the 
“Manufacture Filament” with the processing conditions: 190 °C – 50 % – 60 mm/s. In 
general, the parts produced at 60 mm/s at the 190 °C and 210 °C extrusion temperature 
were the most interesting parts for both filament testing and surface analysis. 
Finally, considering the user interaction purpose of this work in general, it was 
possible to accomplish a part that would detect a user interaction with a product at a 
real-time, with absolute accuracy. The material developed is material extrusion suitable, 
allowing the production of prototypes to study the design approach before the real 
production avoiding unnecessariness costs. 
 
✓ Future Work 
For future work, in regarding to this project, an analysis of more experiments 
focused in the process conditions defined would be relevant, in order to validate what 
processing parameter in the equipment has significant influence in the thermochromic 
feature activation. In the aspect of parameter optimization, an analysis of the surface 
roughness and colour would validate the process and will give more information about 
adhesion and layer deposition. 
Considering the ratio mixing selection a decreasing of the amount of 
masterbatch when compared to the manufacturer suggestion would also be interesting 
to understand how much influence has in the thermochromic feature the amount of 
material, since increasing the amount does not affect much. 
Finally, a real test should be employed in the design improvement of an object 
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APPENDIX 2: Technical datasheet from the laboratory twin-screw extruder 




















APPENDIX 3. Technical drawing of the case-study 
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